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The current proposed strategy for the disposal of intermediate-level radioactive waste (ILW) 
within the United Kingdom is through emplacement within a deep underground facility, termed 
a geological disposal facility (GDF). Anaerobic and highly alkaline (10.0<pH>13) conditions 
are expected to prevail within the near-field of a GDF, which will result in the chemical 
degradation of cellulose-bearing ILW. Isosaccharinic acids (ISA) and volatile fatty acids 
(VFA) are the major products of alkaline cellulose hydrolysis and their generation within an 
ILW-GDF will result in a range of organic carbon sources being present. The potential for these 
carbon sources to provide the substrates for methanogenesis and sulphate reduction under near-
field conditions holds importance within a GDF. The generation of biogases such as 14CH4 
from 14C-bearing waste could facilitate the transfer of radionuclides to the biosphere. The 
production of corrosive sulphide by colonising microorganisms could impact the integrity of 
engineered barriers used to prevent the transfer of radioelements to the biosphere.  
The potential for methanogens and sulphate-reducing bacteria (SRB) to be active under ILW-
GDF conditions is poorly understood. The work outlined in this thesis utilised anaerobic 
sediments from anthropogenic analogue sites to demonstrate the activity of methanogens and 
SRB under near-field conditions. The alkaline leachates generated in these sites result in high 
pore-water pH values equivalent with those expected to dominate an ILW-GDF (pH 11.0-13.0). 
In spite of these conditions, the incubation of cellulose in situ allowed a range of active 
microbial processes to be identified, including cellulose degradation by Fibrobacter species, 
sulphate-reduction by Desulfobacter and hydrogenotrophic methanogenesis by members of the 
order Methanomicrobiales. The formation of hydrophobic extracellular polymeric substances 
(EPS) and production of metabolic acids in situ facilitated microbial survival within these 
extreme environments.  
Microcosms operating under methanogenic conditions at pH 10.0-11.0 developed from these 
alkaline sediments demonstrated high hydrogen consumption rates and were dominated by 
alkaliphilic Methanobacterium and Methanoculleus genera. Acetate was unable to be utilised 
as substrate by the associated methanogen communities under these conditions, however high 
acetate consumption rates were observed in pH 7.0-8.0 microcosms where the acetoclastic 
lineages Methanosarcina became more important. Sub-cultures of the alkaline methanogenic 
microcosms demonstrated the ability to utilise precipitated calcium carbonates as the sole 
carbon source for hydrogenotrophic metabolism at pH 10.0. Alkaliphilic Desulfonatronum 
biofilms grown on stainless steel surfaces developed from the alkaline sediment communities 
were capable of dissimilatory sulphate reduction at pH 11.0 using the products of alkaline 
cellulose degradation as the sole carbon and energy source. The sulphide produced by these 
biofilms induced the corrosion of stainless steel at pH 11.0 within 3 months.  
The results outlined here suggest the colonisation of an ILW-GDF by methanogens will result 
in a population dependent on the hydrogenotrophic pathway, with acetate-derived 
methanogenesis being inhibited under these conditions. Furthermore, biofilms formed within 
the near-field facilitate the corrosion of steel materials by alkaliphilic SRB and enable 
microbial survival through the production of low pH niches. These findings can inform future 
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One current option for the disposal of higher activity radioactive waste within the United 
Kingdom (UK) is via geological disposal within a deep underground facility, termed a 
geological disposal facility (GDF). This disposal concept employs a multiple barrier system in 
order to retain the radioelements within the facilities near-field and prevent their release to the 
biosphere. Both intermediate and high level wastes are destined for storage within a GDF, 
however only the intermediate-level fraction contains a range of cellulosic materials. Within a 
GDF backfilled with cement, a high pH, anoxic and chemically reducing environment is 
predicted to form within the near-field. Under these conditions any cellulose materials present 
will chemically degrade to a range of cellulose degradation products (CDP), the predominant 
components of which include isosaccharinic acids (ISA) and volatile fatty acids (VFA). Both 
of these components have the potential to provide a carbon source for microbial metabolism 
through processes such as fermentation and anaerobic respiration linked to terminal electron 
acceptors (TEA). Since the microbial colonisation of a GDF is possible, microbial activity 
could impact the long-term performance of such a facility via the production of biogas and 
corrosive species such as sulphide. This chapter will discuss the various aspects of a GDF with 
respect to the disposal of radioactive wastes, the important microbial processes likely to occur 
within such a facility will be explored and the potential for microbial survival under the extreme 
conditions of an ILW-GDF will be deliberated.  
1.2 Radioactive waste disposal 
 
Radioactive materials are used for a range of purposes in the UK, including power generation, 
the treatment of medical illnesses and for use in military research. Waste is generated as a by-
product of these processes and can be categorised based on its level of thermal and radioactive 
output. 4.7 million cubic meters of the UK’s radioactive waste inventory in 2016 was composed 
of low level waste (90.5 %), intermediate level waste (9.4 %) and high level waste (0.03 %) 
(1), which are briefly discussed below. 
1.2.1 Low level waste 
 
Low level waste (LLW) is generally composed of plastic, paper, cardboard, soil, rubble and 
metal (2), whose radioactive content does not exceed 4 GBq (gigabecquerels) per tonne of 
alpha activity and 12 GBq per tonne of beta or gamma activity (2). Currently LLW is disposed 
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of via incineration, recycling or it is disposed of within concrete-lined vaults within steel 
containers. Since the radioactive emissions generated by LLW fall below the limits for 
emplacement within a GDF, the disposal strategy for this type of waste does not rely on 
saturated alkaline conditions (1), instead the cellulose portion of LLW undergoes microbial 
degradation as opposed to alkaline chemical hydrolysis (3).  
1.2.2 Intermediate level waste 
 
The radioactive emissions generated by intermediate level waste (ILW) exceed the upper 
boundaries for LLW classification and it is therefore destined for storage within a GDF. As of 
2016, 449,000 m3 of the UK’s radioactive waste inventory was designated ILW (1), which 
contains a significant proportion of cellulosic materials such as wood, paper and cloth. ILW 
also contains a range of other organic and inorganic materials generated from the operation and 
decommissioning of facilities, including various forms of steel reactor components, graphite 
moderator blocks and concrete from the dismantling of power stations, along with sludges 
arising from liquid treatment effluents (4, 5).   
1.2.3 High level waste 
 
Any of the UK’s radioactive waste inventory that requires cooling due to its radioactivity is 
classified as high level waste (HLW). HLW is initially produced as a nitric acid solution that 
is subsequently vitrified into a solid glass and due to its high radioactivity levels requires long 
time frames for these levels to reduce through natural decay processes (6). HLW contains no 
cellulosic materials and will be stored separately from the ILW and LLW fractions (6).  
1.2.4 Near-field conditions 
 
According to current UK government policies, higher activity wastes (ILW and HLW) are to 
be disposed of indefinitely within a GDF. This facility can be up to 1000 m below ground 
(Figure 1.1), although the current siting of such a facility is yet to be decided (7). A GDF will 
comprise both surface and underground facilities, where the surface facility will receive the 
waste and transport it to the underground facility where it will be isolated from the biosphere 
indefinitely using a multiple barrier system (Figure 1.2) (6). The waste will initially be 
compacted into 500 L stainless steel containers within a cement grout matrix which will form 
the first physical barrier between the waste and biosphere. The steel waste containers will 
contain vents to allow for the release of gases which are likely to be produced through corrosion 
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processes and minimise the potential for pressurisation events (6). The second barrier that 
contributes to the containment of radioelements is through chemical conditioning with the use 
of an appropriate backfilling material (Figure 1.2). Nirex reference vault backfill (NRVB) is 
one potential material used to backfill the waste containers within the facility and is primarily 
considered within this thesis, although clay-based backfilling materials could be employed (6). 
NRVB is a cement-based grout composed of Ordinary Portland Cement, lime and limestone 
flour. The high pH values produced by the backfilling material enhances sorption of the 
radioelements to the backfill surface and therefore supports radioelement retention (8). 
Inundating groundwater is expected to saturate the facility post-closure which will result in a 
highly alkaline environment via the formation of soluble metal hydroxides (6). During the early 
post-closure period, the bulk pH values of the near-field are predicted to be as high as pH 13.5 
due to the dissolution of metal hydroxides (6) (Figure 1.3). During the evolution of the facility, 
interactions between the backfilling material and inflowing groundwater are expected to 
maintain a bulk pH of 12.5 through the generation of hydroxyl ions (OH-) and the dissolution 
of Portlandite (6) (Figure 1.3). During the late post-closure period, the bulk pH is expected to 
reduce to values between pH 10.0-12.5 due to the dissolution of cement hydration products, 
such as calcium silicate hydrate (Figure 1.3) (9). Anaerobic conditions are expected to develop 
through the removal of oxygen due to the corrosion of steel materials present, such as the steel 
waste canisters (6, 10).     
The third and final barrier is that of the host rock, which provides geological containment of 
the waste (Figure 1.3). Gases and heat are expected to be generated during the disposal process, 
therefore the host rock is required to be capable of heat conduction to prevent significant rises 
in temperature, but also requires gas dispersal properties that prevent the facility from 
mechanical failure due to pressurisation (5). The host rock is also required to have a number of 
geochemical and mechanical properties that help to retain the waste, including properties that 
slow the movement of radionuclides in groundwater via sorption onto mineral surfaces (11). 
The use of high strength rock (such as metamorphic rock or crystalline igneous rock) is 
necessary so that its properties show little fluctuation over the long time scales expected of an 




Figure 1.1. Illustration of a geological disposal facility. A geological disposal facility 
represents one potential option for the disposal of higher activity radioactive waste within the 
UK, whereby the wastes will be stored indefinitely within a deep underground facility as 
illustrated above. Taken from (7). 
 
Figure 1.2 Multiple barriers used for ILW disposal. Radioelements will be contained 
within a geological disposal facility using physical, chemical and geological barriers in order 




Figure 1.3. The evolving pH values within the near-field of an ILW-GDF. During the 
early post-closure period, the near-field of a cementitious GDF will be >12.5. Over time the 
pH is expected to drop to between 12.5-10.0. Taken from (6). 
 
1.2.5 Alkaline cellulose degradation under near-field conditions 
 
A range of cellulosic materials will be present within the near-field of an ILW-GDF. Materials 
such as cotton and wood are composed of cellulose, hemicellulose and lignin polymers (12). 
Under the anoxic, alkaline conditions expected within the near-field of an ILW-GDF (Section 
1.2.4), cellulose and hemicellulose are susceptible to chemical degradation via the peeling 
reaction (13-15). Alkaline chemical hydrolysis is expected to contribute to the majority of 
cellulose degradation within an ILW-GDF, rather than via radiolysis pathways (6). The major 
products of alkaline cellulose degradation are the alpha and beta forms of isosaccharinic acid 
(ISA), along with a range of lower abundance small chained organic acids, including acetic, 
formic, propionic and lactic acid (14). The generation of alpha and beta ISA has particular 
importance within a GDF because of their ability to complex and thereby change the mobility 
of radionuclides (13). ISA is capable of forming soluble complexes with a range of 
radioelements under alkaline conditions, including plutonium (16), uranium (17) and nickel 
(18). The increased mobility of radioelements complexed with ISA could make them more 
likely to reach the biosphere. Furthermore, the bio-degradation of ISA by colonising 
microorganisms could impact the long term performance of a GDF due to the removal of these 
complexants.   
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1.3 Microbial processes relevant to the disposal of ILW 
 
The generation of ISA and VFA’s via the alkaline hydrolysis of cellulose-bearing ILW could 
provide a carbon source for microbial metabolism. Microbial colonisation of a GDF during the 
facilities construction phase or from the subterranean biosphere is possible (6), and due to the 
anoxic, chemically reducing conditions expected to develop within the near-field, microbial 
processes such as fermentation and anaerobic respiration linked to terminal electron acceptors 
(TEA) are likely to be important. The presence of organic molecules within an ILW-GDF 
arising from the chemical degradation of cellulose provides a range of electron donors for the 
respiration of electron acceptors by microorganisms. The generation of hydrogen within a GDF 
through corrosion processes could lead to the establishment of methanogenic conditions (10). 
Furthermore, some UK ground-waters are rich in sulphates (19) which could lead to the 
development of sulphate-reducing conditions following saturation of the facility. 
Methanogenesis and sulphate-reduction could impact the ability of a GDF at retaining 
radionuclides due to the production of methane and sulphide. Additionally, fermentation 
processes could provide a further source of electron donors for downstream anaerobic 
respiration via the production of fermentation end products.  
1.3.1 Fermentation 
 
Unlike aerobic and anaerobic respiratory processes where high energy TEA’s are utilised for 
oxidative phosphorylation via the electron transport chain, fermentation processes rely on the 
synthesis of adenosine triphosphate (ATP) through substrate level phosphorylation (20). 
Fermentative organisms are metabolically versatile and are able to degrade a range of organic 
polymers, including polysaccharides, protein, DNA and lipids, with the use of extracellular 
enzymes (20). The resulting monomeric units, such as sugars (hexoses, pentoses, tetroses), 
amino acids and organic acids are consequently degraded by fermenters to various fermentation 
end-products, including VFA’s, alcohols and gases such as hydrogen and carbon dioxide 
(Figure 1.4) (20, 21). The products of fermentation therefore provide substrates for downstream 




Figure 1.4. The fermentation of sugars by different bacteria results in varied 
fermentation end products. The products of sugar fermentation by bacteria results in the 
generation of fermentation end-products that can be used downstream by anaerobic microbial 
processes. Taken from (20).  
1.3.1.1 Microbial degradation of isosaccharinic acids 
 
The ability of microorganisms to degrade ISA through fermentation pathways under conditions 
expected of an ILW-GDF have been studied extensively. Microorganisms from neutral-pH 
canal sediments have been shown to be capable of degrading the alpha and beta forms of ISA 
through fermentation pathways under iron reducing, sulphate reducing and methanogenic 
conditions at neutral pH (22). The same microorganisms were able to degrade ISA under ILW-
GDF conditions up to pH 10.0 with the products of ISA fermentation able to support 
methanogenesis at this pH, although ISA degradation rates decreased significantly under these 
conditions (23). Further microcosm experiments showed the fermentation of ISA up to pH 11.0 
was possible when employing alkaline sediments from an anthropogenic lime-contaminated 
site, an ability that was attributed to the increased adaptation of the microorganisms within this 
site (24). The fermentation of ISA to acetate, hydrogen and carbon dioxide at pH 11.0 within 
these microcosms resulted in the generation of methane at this pH, with hydrogenotrophic 
methanogenesis apparently dominating under these conditions, evidently due to the 
accumulation of acetate and dominance of the genus Methanobacterium (a strictly 
hydrogenotrophic genus) within the archaeal community (24). Further microcosm based 
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studies showed the bio-degradation of ISA at pH 10.0 under nitrate reducing, iron reducing and 
sulphate reducing conditions was possible using alkaline sediments from the legacy lime 
working site near Buxton, UK (25). The metabolism of ISA at pH 10.0 in these microcosms 
was able to support nitrate and iron reducing processes, however no sulphate reduction was 
observed (25).  
1.3.2 Methanogenesis 
 
Methanogenesis is exclusively performed by anaerobic archaea of the phylum Euryarchaeota. 
The largest source of biogenic methane on Earth is generated by methanogens (26), which is 
an important part of the global carbon cycle. Carbon-14, which has a half-life of 5,730 years, 
is expected to be an important radionuclide within an ILW-GDF (6). The production of carbon-
14 bearing gases, such as methane (14CH4), could negatively impact the performance of a GDF 
through the transfer of radionuclides to the biosphere. Methanogens are only capable of using 
a limited number of substrates for growth and in the wider environment these organisms rely 
on the activity of fermenters and syntrophic acetate oxidising bacteria (SAOB) to provide the 
substrates for methanogenesis. Methanogens are ubiquitous in nature and have been detected 
in a wide range of environments, including wetlands, landfills, hydrothermal vents, ruminants, 
termites and rice paddy fields (26, 27). Only seven orders of methanogens have currently been 
classified, namely the Methanobacteriales, Methanocellales, Methanococcales, 
Methanomassiliicoccales, Methanomicrobiales, Methanopyrales and Methanosarcinales (27-
29). Methanogenesis can proceed via three well defined pathways depending on the substrates 
utilised, these include the hydrogenotrophic pathway (using H2/CO2), the acetoclastic pathway 
(using acetate) and the methylotrophic pathway (using methylated compounds) (29). The 
relative contribution of these substrates to methane generation under alkaline conditions is 
currently not well understood.    
1.3.2.1 The hydrogenotrophic pathway 
 
The hydrogenotrophic pathway is thought to be the ancestral form of methane production (30), 
since it is found in almost all orders of methanogens, except for the Methanomassiliicoccales. 
The equation and associated Gibbs free energy for hydrogenotrophic methane generation is 
shown below: 
4H2 + CO2 → CH4 + 2H2O (31) 
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ΔGº = -135 kJ/mol   (32) 
During hydrogenotrophic methanogenesis, hydrogen gas is used as an electron donor for the 
reduction of carbon dioxide to methane for ATP synthesis via the electron transport chain. In 
anaerobic environments H2 is a common compound, where it is often present in low 
concentrations and undergoes a fast turnover (33, 34). The maintenance of low H2 
concentrations is necessary for the degradation of fatty acids and alcohols by syntrophic 
bacteria, a process which generates H2 for downstream consumption by hydrogen-consuming 
methanogens (35). In the absence of TEA’s other than CO2, hydrogen can only be consumed 
by methanogens or homoacetogenic bacteria (35). The equation and associated Gibbs free 
energy for homoacetogenesis is shown below: 
2CO2 + 4H2 → CH3COOH + 2H2O (36) 
ΔGº = -95 kJ/mol   (36) 
The relative contribution of the hydrogenotrophic pathway to methane production appears to 
vary depending on the environment studied. Since 4 moles of H2 are required to produce 1 
mole of methane (as shown in the above equation) and only 1 mole of acetate is used to generate 
1 mole of methane (Section 1.3.2.2), it is theorised that H2/CO2-derived methane can only 
contribute 33 % of the total methane formed during the anaerobic degradation of organic matter 
(32) (Figure 1.6). This claim has been substantiated in a number of studies. H2/CO2-derived 
methane accounted for 36-46 % of the total methane produced in sediments from Lake 
Mendota, USA (37). The hydrogenotrophic pathway was responsible for 15-39 % of the 
methane produced in the sediments of Lake Washington, USA (38) and 17-37 % in flooded 
rice fields in the Po valley, Italy (39). However, within some environments the 
hydrogenotrophic pathway contributes to a lesser degree, particularly within marine 
environments due to competition with hydrogen-consuming sulphate reducing bacteria (40). 
Methanogenesis in these environments is reliant on non-competitive substrates that are utilised 
in the methylotrophic pathway, such as trimethylamine (41). The reduced contribution of 
H2/CO2-derived methane can also be a result of an increased contribution of homoacetogenesis, 
as seen within the acidic sediments from Knaack Lake, USA (42). Additionally, the 
contribution of H2/CO2-derived methane can be temperature sensitive, with studies on rice 
fields seeing a shift towards acetate-dependent methane generation as the temperature lowered 
from 30 ºC to 15 ºC (34, 43).  
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Within some environments however, the hydrogenotrophic pathway can contribute to a higher 
degree than is theorised (i.e. more than ~33 %). As much as 100 % of the methane generated 
in an acidic peat bog in Washington, USA, was a result of the hydrogenotrophic pathway (44) 
and similar values were recorded in the bottom sediments of Lake Baikal, Russia (45). H2/CO2-
dependent methanogenesis contributed between 74-86 % of the total methane produced in low 
sulphate microbial mats (46) and in the sediments of a stratified eutrophic lake (47). However, 
the reason for an increased contribution of H2/CO2-derived methane in these environments is 
not well understood. Additional sources of hydrogen (besides fermentation and syntrophic 
acetate oxidation) which could result in a higher contribution of hydrogenotrophic 
methanogenesis are currently undescribed, except for in Lake Kivu, Africa, where a geological 
input of H2 provides the methanogens in this environment with a surplus of the substrate (48). 
1.3.2.2 The acetoclastic pathway 
 
Although the dominant source of biogenic methane within the atmosphere is thought to be 
derived from acetate (49), only one order of methanogens (the Methanosarcinales) and two 
genera (Methanosarcina and Methanosaeta) are capable of acetoclastic methanogenesis (50, 
51). The equation and associated Gibbs free energy for acetoclastic methane generation is 
shown below: 
CH3COOH → CO2 + CH4 (31)  
ΔGº = -36 kJ/mol   (32) 
The acetoclastic pathway is performed exclusively by members of the order Methanosarcinales 
via the activation of acetate to acetyl-coenzyme A (acetyl-CoA), from which the methyl group 
is reduced to methane using electrons derived from the oxidation of the carbonyl group to CO2 
(52). Whilst the acetyl-CoA synthetase pathway is used by the genus Methanosaeta (53), the 
genus Methanosarcina use a different pathway consisting of acetate kinase (AckA) and 
phosphoacetyl transferase (Pta) (54). The higher acetate half-saturation coefficients of the 
AckA/Pta pathway enzymes compared with the acetyl-CoA synthetase pathway gives the 
Methanosarcina an advantage over Methanosaeta under high acetate concentrations (>1 mM) 
(55). In contrast, the Methanosaeta tend to dominate in environments with low acetate 
concentrations (<1 mM) due to their higher affinity for the substrate (56-58), although 
Methanosaeta have demonstrated competitiveness under elevated acetate concentrations in 
animal wastewater treatment systems (59).  
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Members of the Methanosarcina predominantly use acetate for methanogenesis, however a 
number of species are metabolically diverse and capable of utilising multiple methanogenic 
pathways for ATP synthesis. The ability of Methanosarcina species to metabolise and grow on 
various methanogenic substrates has been studied through the isolation and characterisation of 
pure cultures from a range of environments. Neutrophilic Methanosarcina mazei, 
Methanosarcina siciliae, Methanosarcina horonobensis and Methanosarcina acetivorans have 
been isolated from anaerobic digesters, marine sediments and groundwater samples, with all of 
these species able to utilise acetate and methylated compounds (methanol, dimethylamine, 
trimethylamine, dimethylsulfide), but not H2/CO2 for growth and methanogenesis (60-63). 
Thermophilic strains of Methanosarcina have been isolated from anaerobic sludge digesters 
operating at 55 ºC, all of which were capable of growth between pH 5.5-8.0 on acetate and 
methylated compounds, but were unable to use H2/CO2 (64). Methanosarcina vacuolata 
isolated from wetland soil is the only known member of the Methanosarcina incapable of 
growth on acetate, instead methanol, methylamines and H2/CO2 are used (65). Additionally, a 
number of species have been identified that are able to grow using all known methanogenic 
substrates (H2/CO2, methylated compounds and acetate), including Methanosarcina spelaei 
isolated from a sulphurous lake in Romania (66), Methanosarcina soligelidi isolated from 
permafrost-affected soil (67) and Methanosarcina barkeri (68), all of which demonstrate 
optimum growth under neutral-pH conditions. In contrast to the metabolically diverse genus 
Methanosarcina, all known members of the genus Methanosaeta are strictly acetoclastic and 
are unable to use methylated compounds or H2/CO2 for growth and methanogenesis. The 
limited number of Methanosaeta species studied in pure culture all demonstrate optimum 
growth under neutral-pH conditions (69-71). In fact, no alkaliphilic methanogens capable of 
acetoclastic methanogenesis in pure culture could be found in the literature.  
1.3.2.3 The methylotrophic pathway 
 
Hydrogenotrophic and acetoclastic methanogenesis are widely regarded as the predominant 
pathways to biogenic methane production globally, however sulphate reduction can 
thermodynamically inhibit both of these pathways. In sulphate-rich environments methanogens 
can circumvent the competition for substrates with the use of non-competitive methylated 
compounds, such as methanol, methylamines and methyl sulphides (40). The significance of 
this is illustrated by studies investigating marine sediments of the Western Mediterranean Sea, 
where the methylotrophic pathway accounted for as much as 98 % of the total methane 
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production in the sulphate-rich zones (72). In the deeper zones where sulphate was absent, the 
hydrogenotrophic pathway dominated (72). The quantity and age of the organic matter present 
can also govern the extent of methanogenesis in these environments, where acetate-dependent 
methane production only became important in the organic-rich zones (72). The simultaneous 
operation of methanogenic and sulphate reducing processes in salt marsh sediments was 
facilitated by the use of methylated compounds (40). The methylotrophic pathway was also 
recently recognised to be the dominant methanogenic pathway in the highly saline sediments 
of Orca Basin in the Gulf of Mexico (73), and also appears to be important in alkaline soda 
lakes (74). The equation and associated Gibbs free energy for methane generation from 
methanol using hydrogen as electron donor is shown below: 
CH3OH + H2 → CH4 + H2O (75) 
ΔGº = -112.5 kJ/mol   (75) 
1.3.2.3 Energy conservation in cytochrome-containing methanogens 
 
Methanogens can also be classified into two groups based on the presence or absence of 
cytochromes, with the Methanosarcinales being the only order to possess cytochromes (50), 
and consequently the only methanogens capable of using all three methanogenic pathways. 
Methanogens lacking cytochromes only use H2 (and sometimes formate) as electron donors for 
the reduction of CO2 to methane via the hydrogenotrophic pathway. Since the free energy 
change is very low during acetoclastic methane generation (ΔGº = -36 kJ/mol), acetate-
consuming methanogens require an efficient energy conserving mechanism to cope with this 
thermodynamic limitation. The synthesis of ATP by these organisms is accomplished via 
interactions between ion translocating enzymes and ATP synthases. It has long been 
established that the membrane-bound methyltransferase (Mtr) enzyme catalyses the transfer of 
methyl groups coupled with the extrusion of Na+ ions out of the cell for electron transfer and 
ATP synthesis in all types of methanogens (76-78) (Figure 1.5AB). However, analysis of ion 
transport in membrane vesicles and the use of ATP hydrolysis assays it was recently revealed 
that the membrane-bound enzyme A1AO ATP synthase from Methanosarcina acetivorans 
translocates both Na+ and H+ ions simultaneously to generate an electrochemical gradient for 
ATP synthesis (79) (Figure 1.5B). The use of Na+/H+ antiporters in Methanosarcina 
acetivorans is thought to aid in optimisation of the ATP synthase by adjusting the ratio of Na+ 
and H+ ions (80). This unique energy conserving strategy employed by cytochrome-containing 
methanogens could have important implications under alkaline conditions, where the 
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availability of H+ ions will be extremely limited and therefore the establishment of 




Figure 1.5. Proposed models of hydrogenotrophic and acetoclastic pathways in methanogenesis. [A] Hydrogenotrophic methane generation 
without cytochromes, using Na+-dependent ATP synthases to establish electrochemical gradients, [B] acetoclastic methane generation with 
cytochromes, using ATP synthases that simultaneously translocate Na+ and H+ across the membrane for the establishment of electrochemical 
gradients and ATP synthesis. Taken from (81)
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1.3.2.4 Methanogenesis in extreme environments 
 
Environmental factors such as temperature, salinity and organic matter content can have a 
significant impact on methanogenesis (82-86). For example, microcosm experiments using 
arctic sediments were dominated by the strictly hydrogenotrophic family Methanoregulaceae 
at low temperatures (5 ºC), whereas incubations at increased temperatures (30 ºC) saw an 
increase in the acetoclastic lineages Methanosarcinaceae and Methanosaetaceae (82). Other 
studies have shown that an input of organic matter in the form of rice straw can stimulate 
acetoclastic methane generation due to changes in soil microbial community structure (86). 
However, there is a scarcity of information regarding the influence pH has on the composition 
and functioning of methanogenic communities, particularly under alkaline conditions. The vast 
majority of studies relating to methane generation at high pH have focused on soda lake 
environments, which demonstrate highly saline and alkaline in situ conditions (74, 87). 
Incubations using sediments from the Big Soda Lake in Nevada, USA, demonstrated a clear 
preference for the methylotrophic pathway, with methane production stimulated in enrichments 
with methanol and trimethylamine but not in microcosms supplied with H2/CO2 and acetate 
(74). Investigations into the soda lake sediments of Kulunda Steppe in Siberia revealed the 
presence of all three methanogenic pathways functioning between a pH range of 8.0-10.5 (87). 
The salt concentration within these microcosms appeared to influence the methanogenic 
activity, with an increased contribution of methylotrophic methanogenesis under highly saline 
conditions (87). The investigation of Kulunda Steppe sediments is the only report of 
acetoclastic methanogenesis operating under alkaline conditions (pH 9.5) present in the 
literature, although the authors did make a note of the difficulties culturing these acetate-
metabolising methanogens due to very slow growth rates (10 mM acetate conversion in 3 
months) (87).  
Methanogens have been successfully cultured from deep subsurface and thermophilic 
environments previously, indicating their presence within the subterranean biosphere and 
tolerance to increased temperatures. Pure cultures of the thermophilic and hydrogenotrophc 
species Methanocaldococcus jannaschii and Methanopyrus kandleri were isolated from 
smoker chimneys at a depth of 2600 m and 2000 m respectively (88, 89). A number of strictly 
hydrogenotrophic methanogens of the genus Methanobacterium have been isolated from low 
salt alkaline lakes in Egypt (90), all of which were capable of growth up to pH 10.0 in pure 
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culture. An alkaliphilic hydrogenotroph Methanocalculus has been isolated from soda lake 
sediments which was able to grow between pH 8.0 – 10.2 in pure culture (91).  
 
Figure 1.6. The pathways for anaerobic degradation of organic matter to methane. 
Taken from (32).  
1.3.3 Sulphate reduction 
 
Dissimilatory sulphate reducing bacteria (SRB) are a metabolically diverse group of anaerobic 
microorganisms that play an important role in the global carbon and sulphur cycles. SRB 
traditionally use sulphate as the terminal electron acceptor (TEA) and are able to use a wide 
range of electron donors, including hydrogen and various organic compounds (92). Some SRB 
have demonstrated growth without sulphate, and can instead use nitrate as TEA and have even 
demonstrated autotrophic growth using H2 and CO2 (93, 94). This metabolic flexibility has 
allowed SRB to become widespread in nature and their importance within marine environments 
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and anaerobic digesters are well documented (95-97). Sulphide is produced as an end product 
of dissimilatory sulphate reduction, which is highly corrosive and contributes to microbially-
induced corrosion (MIC). Although a range of microorganisms have been implicated in bio-
corrosion processes, including acetogenic bacteria (98), nitrate reducers (99) and even 
methanogens (100, 101), the most widespread and economically relevant MIC processes are 
mediated by SRB.  
1.3.3.1 Corrosion of metal by sulphate reducing bacteria 
 
Iron corrosion is an electrochemical process (except for instances of mechanical stress), where 
metal oxidation is coupled to the reduction of a suitable oxidant. The tendency of iron to give 
off electrons is central to the corrosion process: 
Fe0 ↔ Fe2+ + 2e-  (102) 
In anaerobic environments, the protons from dissociated water provide the most common 
electron acceptors for iron oxidation, which are reduced to molecular hydrogen: 
2e- + 2H+ ↔ H2  (102) 
The above two reactions are stoichiometrically coupled and yield the following net reaction: 
Fe0 + 2H+ ↔ Fe2+ + H2 (102) 
Proton availability will be extremely limited under alkaline conditions and therefore from a 
purely chemical point of view, iron corrosion could be insignificant under these conditions. 
However, the above statement changes in the presence of microorganisms, where metabolic 
products, such as organic acids or sulphide can dramatically enhance corrosion kinetics (95, 
103, 104). SRB are capable of using molecular hydrogen as an electron donor for the reduction 
of sulphate and production of hydrogen sulphide: 
4H2 + SO4
2− → H2S + 4H2O  (105) 
ΔGº = -155 kJ/mol   (105) 
Under alkaline conditions, hydrogen sulphide (H2S) produced by SRB will be present as HS
- 
or S2- and both of these chemical species are known to react with metallic iron and thereby 
produce the characteristic iron sulphide corrosion product: 
Fe2+ + HS- → FeS + H+ 
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Fe2+ + S2- → FeS   
The generation of iron sulphide can actually help protect against corrosion in a process known 
as passivation, whereby a film of iron sulphide on the metal surface prevents the diffusion of 
iron ions into the bulk liquid (106, 107). Additionally, the production of stainless steel from 
the alloying of iron with active metals, such as nickel, chromium and molybdenum can improve 
corrosion resistance. Since corrosion processes within a GDF are an important safety 
consideration, the ability of SRB to survive at high pH and corrode materials relevant to ILW 
disposal is an important area of research. The integrity of engineered barriers used to limit the 
travel of radioelements to the biosphere within a GDF (such as the stainless steel waste 
canisters) could be compromised by the corrosive activity of SRB. The bio-corrosion of metals 
by SRB has been studied extensively. For example biofilm growth by Desulfovibrio 
desulfuricans and Desulfovibrio fairfieldensis resulted in the corrosion of endodontic files 
within 32 days, indicated by the cracks formed on the materials surface as visualised by 
scanning electron microscopy (SEM) and the formation of sulphur-containing minerals within 
the biofilm matrix measured with SEM coupled with energy-dispersive X-ray spectrometry 
(EDS) (108). The corrosion of stainless steel was observed during the growth of Desulfovibrio 
desulfuricans where the formation and morphology of corrosion pits were analysed using 
atomic force microscopy (AFM) (109). Furthermore SRB were able to induce the corrosion of 
carbon steel in artificial seawater, with corrosion processes evaluated using electrochemical 
impedance spectroscopy (EIS) and surface characterisation undertaken using SEM and SEM-
EDS (110). Although bio-corrosion of metals by SRB under neutral pH conditions is well 
described, little information is available regarding this process under alkaline conditions.  
1.3.3.2 Sulphate reduction under extreme conditions 
 
All known dissimilatory SRB belong to the β-Proteobacteria, Clostridia, Nitrospirae, 
Thermodesulfobiaceae, Thermodesulfobacteria, Crenarchaeota and Euryarchaeota lineages 
and have been detected and cultured from a range of extreme environments. Alkaline soda 
lakes have been well studied in terms of alkaliphilic SRB with reports of high sulphate reducing 
rates at pH 10.7 in Lake Tanatar sediments (111). Non-alkaliphilic SRB cultured from a Danish 
heating plant have demonstrated growth and sulphide production up to pH 9.3 in planktonic 
culture and up to pH 10.2 in biofilms (112). Pure cultures of alkaliphilic Thermodesulfovibrio 
were isolated from an aquifer system at a depth of 2,000 m and were capable of growth up to 
pH 10.5, using formate, pyruvate and lactate as electron donors (113). Novel strains of 
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Desulfonatronum have been isolated from alkaline brakish lakes in Siberia, Russia, with some 
of these strains able to grow up to pH 10.5 in pure culture and use hydrogen as electron donor 
(114). However, studies employing sediments from a proposed ILW-GDF analogue site at 
Buxton, UK showed very little sulphate reducing activity between pH 10.0 – 12.0 using acetate 
and lactate as electron donor (115).  
Sulphate can be present in both natural and anthropogenic water systems. The natural sources 
of sulphate can be produced through atmospheric deposition, the dissolution of sulphate 
minerals or the oxidation of sulphide minerals (116). Sources of sulphate can also be present 
through anthropogenic contamination, as seen from the operation of coal mines, phosphate 
refineries and power plants (117, 118). Sulphide produced by SRB can be toxic to 
microorganisms due to its ability to react with metal ions and the functional groups of enzymes 
used for electron transport (119). Additionally, sulphide production can lead to the precipitation 
of essential trace metals as metal sulphides, which can negatively affect cell growth. The 
speciation of sulphide is highly dependent on the pH. Previous studies have shown that H2S is 
the most toxic form of sulphide due to the increased membrane permeability of this uncharged 
molecule (120, 121). Therefore, the growth of SRB at high pH could be advantageous due to 
the formation of HS- and S2- sulphide species, which are less membrane permeable than H2S 
and can be tolerated at higher concentrations (122).  
1.4 Microbial survival under ILW-GDF conditions 
 
The anaerobic, chemically reducing and highly alkaline conditions expected to develop within 
an ILW-GDF are likely to stunt microbial activity considerably, particularly within the early 
post-closure period when pH values of >13.0 are expected. However, the pH values of an ILW-
GDF are expected to reduce during the evolution of the facility to between pH 10.0-12.5, and 
furthermore a number of microorganisms have adapted mechanisms to survive extreme 
environmental conditions. These organisms are termed extremophiles and have a number of 
structural, physiological and metabolic adaptations that enable them to function well under 
extreme conditions. A number of alkaliphilic organisms have demonstrated the ability to grow 
above pH 10.0 in pure culture (123, 124) and the upper pH limits for microbial growth can 
increase with the formation of biofilm (112, 125). One particular adaptation utilised by 
alkaliphiles is the ability to maintain cytoplasmic pH homeostasis to allow for normal function 
of enzymes and metabolic processes. Bacillus pseudofirmus OF4 has been extensively studied 
due to its ability to grow between pH 7.5 – 11.4 (126). A common ability of alkaliphilic 
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organisms is the ability to maintain an intracellular pH value lower than the external pH value. 
Bacillus pseudofirmus OF4 for example maintains a cytoplasmic pH of 8.2 when the external 
pH is 10.5 and this ability is observed in other bacteria, including Bacillus halodurans C-125, 
Bacillus alcalophilus and Spirulina platensis (127-129). In fact, obligate alkaliphiles grow 
better under alkaline conditions and growth is stunted under more neutral-pH conditions, which 
was observed in Bacillus pseudofirmus OF4 which has a doubling time of 54 minutes at pH 
7.5 and a doubling time of 38 minutes when grown between pH 8.5-10.5 (123). The primary 
mechanism for maintenance of cytoplasmic pH homeostasis used by alkaliphiles is through 
uptake of H+ using membrane-bound Na+/H+ antiporters. These antiporters extrude Na+ and 
uptake H+ into the cell which is allowed to accumulate within the cytoplasm. A lesser number 
of Na+ ions are extruded compared with H+ ions taken up, therefore the net positive charge is 
present within the cell with each turnover of the antiporter (130).  
Additional strategies are used by alkaliphiles that complement the use of Na+/H+ antiporters. 
Some bacteria upregulate deaminases which produce cytoplasmic acids (131). 
Teichuronopeptides are secondary cell wall polymers that play an important role in maintaining 
cytoplasmic pH homeostasis in alkaliphiles (127). Metabolic acids produced within the 
cytoplasm during fermentation processes could help to maintain cytoplasmic pH homeostasis 
in Bacillus species (131, 132). Acidic lipids and teichuronic acids incorporated into the cell 




Figure 1.7. Internal and external pH values in neutralophilic and alkaliphilic bacteria. 
The internal cytoplasmic pH of alkaliphiles is maintained at a lower value than the external 
pH, a mechanism by which alkaliphilic organisms can grow at higher pH values. Taken from 
(134). 
1.4.1 Natural alkaline sites 
 
A range of alkaline environments are present throughout the world that have analogous 
conditions to those likely to be experienced within an ILW-GDF. These sites enable the study 
of microbial and chemical processes under ILW-GDF conditions. The alkalinity of these sites 
can develop through natural evaporation processes or due to the local geochemistry of the rock 
formations in these regions (135-137). Soda lakes are one example of a natural alkaline site 
that develop highly alkaline waters (pH 8.0-12.0) due to the presence of carbonate as the 
dominant anion. In some cases these sites can also demonstrate highly saline conditions due to 
the presence of NaCl (138). A high degree of microbial diversity has been revealed within the 
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sediments and waters of soda lakes despite the harsh environmental conditions present (139). 
Methanogenic and sulphate reducing processes have also been detected in these environments 
(140, 141). Another example of naturally occurring alkaline environments are ophiolites 
composed of mafic and ultramafic rock which generate high in situ pH values due to 
serpentinisation processes (142). An example of this is in the Troodos Mountains, Cyprus, 
where in situ pH values up to 11.9 have been observed (143). A range of microbial processes 
were present within the site, including nitrogen fixation by Paenibacillus species, hydrogen 
oxidation by Hydrogenophaga species and iron reducing processes within microcosms 
employing samples taken from the site (143). A wide range of bacteria have been detected in 
other ophiolite systems around the globe, including Del Puerto in California (144), Oman (144) 
and the Leka complex in Norway (135). Studies investigating the microbial diversity at the 
Maqarin site in Jordan revealed a clear dominance of Proteobacteria phylum which were 
present between 103 and 105 cells mL-1 water (145). The alkalinity of this site has been 
attributed to interactions with naturally occurring cement materials present in the site, as 
opposed to alteration of ultramafic materials due to serpentinisation observed within other 
ophiolite complexes (146). 
1.4.2 Anthropogenic alkaline sites 
 
In contrast to naturally occurring alkaline sites, the formation of high pH environments can 
also result from anthropogenic contamination, such as through the deposition of lime and steel 
production waste (147, 148). The contaminating materials can in some cases be rich in heavy 
metals, such as chromium, arsenic and copper, which are toxic to microbes (149, 150). The 
contamination of these sites with anthropogenic wastes can lead to a reduction in microbial 
diversity, however the ability of the local microbial community to adapt and evolve can lead 
to their survival under these conditions (151). The adaptation of microbial communities has 
been observed at a site contaminated with tannery waste, where chromium resistant organisms 
were isolated (152). Additionally, acid-tolerant communities developed within an acid mine 
drainage site (153).  
A lime-contaminated site near Buxton, UK, has been investigated due to its analogy with some 
aspects of ILW disposal (154). The materials deposited at this site include lime, calcined 
limestone and coal ash. As rain water percolates through these wastes, an alkaline leachate is 
generated which forms a calcium carbonate tufa as it comes into contact with atmospheric 
carbon dioxide and in situ pH values as high as 13.0 have been observed (154). A number of 
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previously unclassified bacteria relating to the Comamonadaceae, Bacteriodetes and 
Firmicutes lineages have been detected within the sediments from this site (154). ISA has been 
detected at this site in situ due to the alkaline hydrolysis of cellulosic materials, and sediments 
from this site demonstrated the ability to degrade all three forms of ISA in microcosm studies 
(24). Additionally, ISA degradation under sulphate reducing, iron reducing and methanogenic 
conditions has been demonstrated over a range of pH values using sediments from this site (23, 
155, 156). Furthermore sediments from this site have demonstrated nitrate, iron and sulphate 
reduction under alkaline conditions using acetate and lactate as electron donors (115). Despite 
in situ pH values of >13.0 being recorded in this site, a diverse and active microbial community 
was detected via Illumina MiSeq, with the dominant phyla present being the Firmicutes, 
Proteobacteria and Bacteroidetes, with a low abundance of methanogenic archaea (157).   
1.4.3 Biofilms  
 
Biofilms are composed of polymicrobial communities lodged in self-produced extracellular 
polymeric substances (EPS). The formation of biofilms by microorganisms allows for 
microbial adhesion and growth on almost any surface and has proven to be a particularly 
successful form of life on earth in both agreeable and extreme environments (158-162). The 
internal biofilm environment is often heterogeneous and can differ significantly to the external 
environment (163). This is largely due to the microbial production and consumption of 
metabolic products within the biofilm, together with the limited diffusion of chemical species 
through the EPS matrix (164). The biofilm matrix offers a protective barrier from the external 
environment and has been shown to provide microbes with increased resistance to a range of 
environmental stresses, including desiccation, predation and extreme shifts in pH and 
temperature (165). An example of this was revealed within acid mine drainage biofilms, where 
the associated microorganisms were shown to secrete proteins with a high isoelectric point 
which increased the pH buffering capacity of the internal biofilm environment (166). Recent 
studies have shown that biofilms can facilitate survival under ILW-GDF conditions through 
the production of low pH microsites within the internal biofilm surface (125). The acidic 
properties of the EPS components and the production of metabolic acids enabled the microbes 
within these biofilms limited survival up to pH 13.0 (125).  
The formation of biofilm by microorganisms is undertaken using a number of steps. Firstly, 
planktonic cells must adhere to a surface prior to the formation of the structured biofilm 
architecture. This is initially achieved using cellular appendages, such as flagella and pili, and 
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is a form of reversible attachment (167). The cellular surface proteins, such as SadB or LapA, 
along with the production of EPS enhances the irreversible attachment to a surface, whereby 
the cell commits to a biofilm mode of existence (168, 169). The transition between reversible 
and irreversible surface attachment appears to be mediated by intracellular secondary 
messengers, such as cyclic adenosine monophosphate (cAMP), which are produced in response 
to environmental conditions (170). Following the irreversible attachment to a surface, cells 
begin to proliferate and (along with the production of EPS) develop micro-colonies. The EPS 
components can account for >90 % of the dry mass in mature biofilms (158). The individual 
EPS components can include a range of biopolymers, such as proteins, polysaccharides, lipids 
and nucleic acids, and these components are responsible for a wide range of functions within 
the biofilm. These functions include facilitating attachment to biotic and abiotic surfaces (171), 
enabling the binding of enzymes to the biofilm matrix (172), aiding horizontal gene transfer 
(173) and providing resistance to desiccation and other environmental stresses, such as 
antimicrobial agents and oxidation (165, 174). Additionally, the EPS matrix allows metabolic 
products to accumulate and provides a carbon and nitrogen source for microbial metabolism 
(175, 176). The biofilm matrix is stabilised via interactions between the different functional 
EPS components (177). Quorum sensing signalling molecules are retained within the biofilm, 
therefore EPS production enhances cell-cell communication and nutrient uptake (178). Since 
cells exist in close proximity to one another within the biofilm, this allows syntrophic 
interactions to take place, such as interspecies hydrogen transfer between fermenters and 
methanogens (179).  
Microbial cells are capable of returning to a planktonic form of life following the maturation 
of the biofilm. Cells can disperse from the biofilm passively, for example due to physical 
shearing forces, or can actively disperse by responding to environmental stimuli, such as 
temperature or oxidation (180). Genes involved in EPS production are downregulated, whilst 
genes involved in cell motility and EPS degradation are upregulated in actively dispersing cells 
(180). These dispersed cells are able to seed new environments where the process of biofilm 




1.5 Summary of chapter 
 
The UK currently has a relatively large inventory of radioactive waste arising from a long 
nuclear legacy. One potential strategy for disposing of the higher activity wastes (ILW and 
HLW) is that of a GDF, which employs a multiple barrier system in order to retain the 
radioelements within the facilities near field and prevent their release to the biosphere. These 
barriers include physical containment of the waste in stainless steel canisters, chemical 
containment within an appropriate backfilling material (e.g. NRVB) and geological 
containment within the host rock. Anaerobic and highly alkaline conditions are expected to 
prevail within the facilities near field, which will result in the chemical degradation of 
cellulose-bearing ILW to a range of cellulose degradation products. ISA and VFA’s will 
constitute the majority of the products formed from the alkaline hydrolysis of cellulose, and 
these products could provide a carbon source for fermentative and anaerobic respiratory 
microbial processes. Since the predominant TEA’s within a GDF are likely to include CO2 and 
possibly sulphate, methanogenesis and sulphate reduction could be important processes within 
this environment. Active methanogenic and sulphate reducing processes may impact the ability 
of a GDF at retaining the waste through biogas and sulphide production. Since diverse 
microbial populations have demonstrated the ability to colonise and grow within a range of 
anaerobic and highly alkaline natural and anthropogenic environments across the planet, this 
suggests the conditions of a GDF could provide a niche site for a variety of specialist 
organisms, such as anaerobic alkaliphiles and ISA degrading bacteria. The survival of microbes 
under extreme conditions can also be facilitated through the formation of biofilms, a mode of 












A range of techniques are available that allow the effective characterisation of natural and 
model microbial systems. The cultivation and isolation of microorganisms from environments 
that are analogous to aspects of radioactive waste disposal can provide information that may 
help to predict the effect of microbial processes on GDF performance. Culturing techniques 
allow microbial processes to be studied in the laboratory where the conditions of interest can 
be simulated and studied. An array of molecular techniques have been developed that utilise 
the conserved 16S rRNA gene for the purpose of analysing and describing microbial 
communities. Additionally, a variety of microscopic techniques can be utilised to provide a 
greater insight into the functioning of a microbial system. The following chapter discusses 
some of the current methods that allow microbial systems to be effectively characterised. 
2.2 Culturing techniques 
 
One important technique for the study of environmental microbiology involves the direct 
culturing of microorganisms from an environmental sample using solid or liquid media. The 
culture conditions imposed on the samples, such as temperature, pH, carbon source and O2 
concentration, will dictate the types of microorganisms that grow (181). The establishment of 
microcosms is an effective way to simulate the conditions of interest, and these systems can be 
developed using pure or mixed cultures and operated with great flexibility. The system can be 
sealed and operated in a batch process, where the chemistry is allowed to develop, or 
microcosms can be batch-fed, where nutrients are continuously supplied to the system and 
waste is removed. The production and consumption of metabolic products can be analysed 
when employing microcosms, which can provide information regarding the metabolic 
capabilities of the population within a given environmental site. Batch microcosms have been 
used previously to determine the sulphate reducing rates in acid mine drainage sites (182). The 
methanogenic activity of soda lakes sediments has been studied with the use of microcosms, 
where methane generation and substrate consumption could be measured using gas 
chromatography (183). Batch microcosms have been used to estimate gas production under 
conditions simulating LLW disposal (184). Batch-fed systems have been employed previously 
to provide ISA degradation rates under ILW-GDF conditions using both neutral-pH and 
alkaline sediments (23, 24). Previous authors have also used enrichment cultures to analyse 
iron reduction processes in sediments from leachate ponds in California, USA, which resulted 
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in the isolation of a novel alkaliphilic iron reducer, Alkaliphilus metalliredigens (185). Since 
enrichment cultures induce a selection bias towards a particular type of organism depending 
on the conditions employed, this direct culturing method does not necessarily reflect the 
microbial processes ongoing in situ. Techniques such as Most Probable Number (MPN) can be 
used to estimate the number of viable organisms within an environmental sample with the use 
of serial dilutions and the detection of biochemical markers to assess microbial growth. MPN 
techniques have been used to study the viable organisms present within a number of disposal 
sites across the world (186-188). Microorganisms can also be isolated from environmental 
samples using serial dilutions, streak plating techniques and selective media. The 
characterisation of pure cultures can help to provide specific reaction rates and optimum culture 
conditions for a particular organism. The optimum culture conditions for a vast array of 
microorganisms are now available in the literature and the environmental conditions of a 
particular site can be simulated in the laboratory to some extent. However, a large proportion 
of environmental microorganisms remain uncultured and some prove extremely difficult to 
isolate (181, 189), therefore direct culturing techniques when used alone can misrepresent the 
true microbial diversity of an environment. A number of nucleic acid methods and microscopic 
techniques have been developed that can provide a more detailed analysis of microbial systems, 
especially when combined with the direct culturing approaches described above.  
2.3 Nucleic acid techniques 
 
The extraction and sequencing of nucleic acids from environmental samples and laboratory 
cultures can be used to provide genetic information regarding the associated microbial 
consortium. For example, DNA sequencing can reveal the genes present in a sample and RNA 
sequencing can describe the genes that are actively being transcribed under the conditions 
studied. A variety of DNA/RNA extraction methods are available and the procedure generally 
begins with the lysing of cells using chemical and/or physical abrasion, followed by further 
chemical treatment in order to purify the nucleic acids via the removal of cell debris and 
contaminants. Methods developed by Griffiths et al., (190) allow for the co-extraction of DNA 
and RNA from environmental samples within relatively quick timeframes and yield nucleic 
acids of high purity. A number of commercial kits are also available, such as the DNeasy 
PowerSoil Kit for use with soil materials and the DNeasy UltraClean Microbial Kit for use 
with pure cultures, that are tailored to a specific sample type and drastically speed up the 
process (191). The extraction procedure can prove troublesome in samples with low biomass 
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or in environmental samples where the pH or the presence of clay minerals and humic acids 
can interfere (190, 192). Purified DNA or RNA can be sequenced in its entirety as seen within 
the emerging field of genomics and transcriptomics, or specific regions of the nucleic acids can 
be targeted for analysis using techniques such as polymerase chain reaction (PCR). 
2.3.1 Amplicon sequencing  
 
Following the extraction and purification of genomic DNA (gDNA) or generation of 
complementary DNA (cDNA) from RNA extracts, PCR can be employed to amplify a specific 
region of interest. This technique uses a DNA polymerase isolated from Thermus aquaticus 
(193) together with oligonucleotide primers that are complimentary to the 3’ ends of the sense 
and antisense DNA strands within the region of interest. The region of interest is amplified 
exponentially by subjecting the reaction to heating and cooling cycles in the presence of 
deoxynucleoside triphosphates (dNTPs) (194), which takes advantage of the thermophilic 
properties of the DNA polymerase. The 16S rRNA gene is a common target for amplification 
by PCR within microbial-based studies as it is a highly conserved sequence between 
prokaryotic species and undergoes very slow evolutionary changes. Consequently, 
phylogenetic relationships can be constructed based on the comparison of 16S rRNA gene 
sequences between different microorganisms. Since environmental samples and mixed 
population microcosms are likely to contain a diverse microbial population composed of 
different species, the extraction of gDNA from such a sample is likely to result in the presence 
of multiple different 16S rRNA gene copies.  
Following the amplification of the 16S rRNA gene using PCR, techniques such as denaturing 
gradient gel electrophoresis (DGGE) have been used previously to describe the diversity of 
microorganisms in a range of environments, including soils (195), paper pulp wastewater (196) 
and marine environments (197). DGGE separates the PCR products based on their differences 
in G-C content, with products of low G-C content having hindered mobility through the gel 
over an increasing chemical gradient. The separated fragments can be excised from the gel and 
sequenced for downstream comparisons of the 16S rRNA gene. Cloning techniques can also 
be applied to the amplified DNA fragments in order to obtain a single gene sequence from a 
mixture of different sequences. This involves the ligation of PCR products to a vector which is 
then transformed into competent Escherichia coli cells. Since one E.coli cell is only capable of 
taking up one plasmid, colonies that have been successfully transformed should only contain 
multiple copies of the same PCR product (197). The plasmid can then be extracted and the PCR 
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fragment sequenced to allow for the assignment of phylogeny with the use of databases and 
search tools, such as the NCBI Basic Local Alignment Search Tool (BLAST). The use of 
cloning and sequencing techniques has allowed for the characterisation of microbial 
communities within deep crystalline bedrock, a site which has relevance to the disposal of 
radioactive waste (198). Uncultured microbial species within environmental samples can be 
identified using cloning and sequencing strategies (199). Other authors have used this strategy 
to investigate the microbial community within pH 11.0 ISA degrading microcosms developed 
from lime contaminated sediments (24). It is important to note that PCR and cloning techniques 
are subject to bias and error due to the production of chimeras (200), the formation of 
heteroduplex molecules (201) and Taq polymerase errors (202). Additionally, the primers used 
for PCR can be biased towards certain microbial species which can result in a large proportion 
of unamplified DNA and the misrepresentation of a microbiome (203). 
2.3.2 Next generation techniques 
 
A range of high throughput techniques are now available that allow for an even more detailed 
analysis of microbial systems through the generation of millions of copies of 16S rRNA gene 
sequences. The development of platforms such as Illumina HiSeq has allowed for the 
sequencing of (meta-) genomes and (meta-) transcriptomes from environmental samples, pure 
cultures and mixed cultures, which provides a more in-depth description of the genes present 
and active under the conditions studied. Metabolic pathways can be reconstructed based on the 
information generated from (meta-) genomes and (meta-) transcriptomes (204) and the 
sequencing of nucleic acids in their entirety avoids the bias associated with PCR techniques 
and direct plate counting methods (205). Since many microorganisms are capable of dormancy 
through processes such as sporulation (206), their detection within an environment based on 
DNA sequencing may not represent an active community profile. The generation and 
sequencing of cDNA from 16s rRNA (instead of rDNA) can give an insight into the actively 
metabolising microbial population within an environment. This approach has been used 
previously and significant differences were revealed between 16S rRNA and rDNA libraries 
of microbial communities within the alkaline sediments of Lake Magadi, Kenya (207). The use 
of metagenomics has been used to uncover the presence of previously undescribed 
phylogenetic groups in soda lakes (208, 209), and whole-genome sequences can be assembled 
from metagenomes which can help to elucidate the physiology and ecology of uncultured taxa 
within an environment (210).  
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2.3.3 Microbial 16S community analysis 
 
Microbial community analysis using next generation sequencing approaches via the 16S rRNA 
gene can generate large data sets with up to millions of individual sequences. The statistical 
analysis of these sequences can be undertaken with the use of specialised bioinformatics 
software packages, such as CLcommunity provided by the sequencing company ChunLab 
(Korea). Databases, such as EzTaxon or the Ribosomal Database Project can be utilised in 
order to assign phylogeny to the 16S rRNA gene sequences generated using next generation 
technologies (211, 212). This is initially achieved by aligning sequences with a reference, such 
as the Silva reference alignment (213). The aligned sequences can then be compared using 
search tools, such as the BLAST algorithm (214) and sequence similarity can then be compared 
with known previously-sequenced microorganisms using different taxonomic levels and 
confidence intervals (212). Chimeric sequences can be analysed with the use of algorithms, 
such as UCHIME (215). Sequences can be further assembled into operational taxonomic units 
(OTUs) based on their sequence similarity to other known organisms, with previous authors 
using a 95 % confidence interval to group communities within an ISA degrading microcosm 
operating at pH 9.0 (157). The grouped OTUs can be further analysed using alpha and beta 
diversity statistics. 
Alpha diversity statistics represent the microbial diversity and species richness of an individual 
sample, whereas beta diversity statistics can be used to analyse the differences between 
multiple samples. The alpha diversity statistics such as Chao1 and Abundance-based Coverage 
Estimator (ACE) can be used to determine whether sufficient sequencing depth was achieved 
during the analysis (216, 217). Chao1 and ACE statistics generate rarefaction curves that plot 
the number of OTUs against the number of sequence reads and as the number of species left to 
find reaches saturation, the curve plateaus, indicating sufficient sequencing depth was achieved 
during sampling. An alternative method for representing how effectively the microbial 
communities have been sampled is with the use of Rank Abundance curves. This involves 
ordering the species data along the x-axis from most to least abundant, with the y-axis showing 
the abundance of each species. Within microbially diverse environments where a high number 
of species are present, the Rank Abundance curves generally show a sharp initial peak 
representing a small number of abundant species, which then trails off due to the presence of a 
large number of species with relatively low abundance (218). The Shannon diversity index can 
also be used as a quantitative measure that accounts for both abundance and species richness 
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(219). Alpha diversity statistics have been used previously to determine whether the availability 
of nutrients has changed the microbial diversity of a site (220). 
2.4 Microscopic techniques 
 
Microbial systems can be directly visualised with the use of microscopic techniques which 
enable a greater insight into the system being studied. The high resolution and magnification 
of instruments such as scanning electron microscopes (SEM) has allowed individual microbial 
cells and complex biofilm communities to be studied in detail. For example the complex 3D 
structure of Pseudomonas fluorescens biofilms was elucidated using SEM which provides 
morphological clues for the identification of biofilms in vivo (221). SEM can provide 
information regarding the thickness and heterogeneity of biofilms (222). It has been shown that 
different strains of Histophilus somni produce biofilms with different morphologies that can 
contain either filamentous structures or mound-shaped colonies embedded in extracellular 
polymers (223), therefore investigating biofilms with SEM can provide information regarding 
the associated microbial community. Techniques such as atomic force microscopy (AFM) can 
be used in conjunction with SEM to characterise the morphological changes of abiotic surfaces 
brought about by the activity of biofilms. For example, the corrosion pits and crevice attack on 
2205 duplex stainless steel by pure cultures of Desulfovibrio desulfuricans was visualised using 
SEM and AFM (224). The elemental composition of microbial systems can be studied by 
coupling SEM with energy-dispersive X-ray spectroscopy (EDS). SEM-EDS techniques have 
been employed previously to reveal the bio-mineralisation of gold by Ralstonia metallidurans 
biofilms (225) and to identify the presence of sulphur-containing corrosion products within 
sulphate reducing biofilms produced by Desulfovibrio vulgaris on carbon steel (226).  
Microscopy can also be combined with the use of fluorescent stains, a technique that enables 
the visualisation of individual types of microorganisms or biofilm components within a 
mixture. Stains which take advantage of the permeability of cell membranes can be used to 
distinguish between alive and dead cells. For example the combined use of SYTO 9 and 
propidium iodide stains allowed previous authors to identify the viable cells within spent fuel 
ponds (227), whereby propidium iodide can only bind to cells with compromised cell 
membranes. Fluorescent stains have been used to visualise the individual components of 
biofilms, with previous authors able to observe the polysaccharide, protein, extracellular DNA 
and lipid fractions of the EPS aggregates simultaneously (228). The composition of the EPS 
components can give an indication of biofilm functional properties and determine how the EPS 
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components interact with one another. The use of confocal scanning laser microscopy (CLSM) 
coupled with fluorescent stains enables the construction of high resolution 3D images of 
biofilms. CLSM has been used previously to visualise the extracellular components of 
Salmonella enterica biofilms over various stages of growth (229). Oligonucleotide probes that 
are complimentary to microbial DNA sequences can be ligated with fluorochromes and 
hybridised to specific cells in a process known as fluorescence in situ hybridisation (FISH). 
The hybridised probes can then be visualised using CLSM based on the fluorochromes specific 
absorption and emission spectra.  FISH has been used by previous authors to distinguish 
between different microbial groups within coral tissues (230) and to characterise the microbial 
community of Siberian tundra soil (231).  
2.5 Summary of chapter 
 
The development of microcosms from environmental samples provides a means by which 
microbial processes can be investigated under conditions similar to those expected within an 
ILW-GDF. The isolation of microorganisms and the characterisation of pure cultures can help 
to expand our understanding of the microbial processes ongoing within an environment. The 
development of methods relying on the sequencing of nucleic acids from an environmental 
sample or laboratory culture has helped to reveal the true microbial diversity of these 
ecosystems. Microscopic techniques aid with the investigation of microbial systems by 











The extent to which microbial activity can proceed in and around a geological disposal facility 
(GDF) can have a significant impact on the transport of radionuclides, particularly carbon-14. 
The expected evolution of the near field of an ILW disposal facility and the associated alkaline 
disturbed zone will have a profound impact on the associated microbial activity. The predicted 
pH of >12.5 for thousands of years are above that normally associated with even the most 
extreme alkaliphiles (6). The upper pH limits for microbial activity is a contentious subject, 
with pH 12.0 being proposed as an upper limit due to the inability of bacteria to maintain the 
required internal pH of 10.0. However, reports of microbial activity above this value do exist 
(232, 233). Generally speaking, pure culture investigations provide lower maximum pH values 
than environmental observations, suggesting that microsites and biofilms may have an 
important role in attenuating the impact of environmental pH values. Of the microbial 
processes potentially associated with a GDF, sulphate reduction and methanogenesis are key 
processes, since they both lead to the complete mineralisation of organic materials such as 
cellulose degradation products and are able to oxidise molecular hydrogen. The presence of 
sulphate in many UK ground-waters emphasises the relevance of sulphate reduction (234), 
whilst methanogenesis has a key role in the transport of carbon-14 due to the generation of 
highly mobile 14-methane (14CH4).  
The proposed PhD will investigate the maximum pH that sulphate reduction and 
methanogenesis can proceed under conditions consistent with the near field and associated 
alkaline disturbed zone of a GDF. Until recently the general consensus has been that carbonates 
and calcite are not a form of inorganic carbon accessible to microbes. However, recent research 
focussed on serpentinising systems has demonstrated that aerobic, hydrogen-consuming 
bacteria operating at pH 11.0 are able to utilise calcite directly (235), potentially by forming 
low pH microsites on the calcite surface. There have also been some limited investigations of 
methanogens utilising calcite at neutral-pH (236), showing that methane generation employing 
calcite as a source of inorganic carbon was possible at a reduced rate.  
The proposed research will build on current work on CDP degradation and CDP-fed biofilms 
where alkaliphilic methanogenic and sulphate reducing systems have been established. Micro-
pH probes will be employed to determine the difference between the bulk pH and that 
experienced within the internal biofilm surface. The proposed research will provide an upper 
pH boundary for two important biogeochemical processes under conditions relevant to the 
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cementitious GDF. The data generated may be utilised directly or indirectly by relevant 
modelling studies and enable a better prediction of gas generation within a GDF.  
3.2 Primary research questions 
 
 Can methanogens access precipitated carbonates to drive methane generation? 
 
 Can methanogenic biofilms be established on the surface of cementitious materials? 
 
 Can methanogenic and sulphate reducing biofilms induce the corrosion of stainless 
steel under ILW-GDF conditions? 
 
 What are the upper pH limits for methanogenesis and sulphate reduction? 
 
3.3 Research impacts 
 
 Provide the upper pH limits for methanogens and sulphate reducing bacteria under 
simulated near-field conditions, even when biofilms are considered. 
 
 Provide the rates of reaction for methanogenic and sulphate reducing processes that are 
consistent with model input parameters. 
 
 Underpin current assumptions regarding the impact of carbonation on methanogenesis 
or provide an alternative conceptual model for future modelling studies. 
 
 Consolidate aspects of the science base on which assumptions regarding gas generation 
and associated transport processes are based. 
 
 
3.4 Research Objectives 
 
 Determine the upper pH limits for methanogenesis and examine the primary 
methanogenic pathways utilised under alkaline conditions, using alkali-adapted 
communities from anthropogenic alkaline sites as inoculum. 
 
 Determine the potential for sulphate-reducing communities to corrode stainless steel 
under alkaline conditions using CDP as the sole carbon and energy source 
 
 
 Determine the potential for calcium carbonate to be used as substrate for 
hydrogenotrophic methanogenesis under alkaline conditions. 
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4.1 General Reagents 
 
Unless indicated otherwise all reagents used for the following experimental methodologies 
were purchased from either Sigma-Aldrich Co. Ltd (Gillingham, Dorset, UK), Fisher Scientific 
UK (Loughborough, Leicestershire, UK) or LabM Limited (Haywood, Lancashire, UK). 
4.2 Culture Media 
 
4.2.1 Mineral Media 
 
Mineral media was prepared as described previously (237) with the following amendments. 
The reagents listed in Table 4.1 and Table 4.2, except for disodium sulphide nonahydrate 
(Na2S.9H2O), were mixed with 500 mL of ultra-pure water in a 500 mL Schott bottle. The 
solution was purged with N2 for approximately 20 minutes, followed by the addition of 
Na2S.9H20 whilst maintaining the nitrogen purging for a further 10 minutes. The pH of the 
media for alkaline microcosms (pH 9.0-11.0) was achieved using the appropriate amounts of 
sodium bicarbonate and sodium carbonate buffers as listed in Table 4.2. The pH was measured 
and if necessary adjusted using 2 M sodium hydroxide and 2 M hydrochloric acid whilst 
purging with N2. The solution was autoclaved under a nitrogen headspace at 121ºC for 20 
minutes, then allowed to cool under a H2/N2 (10:90) headspace by which point the oxygen 
indicator (resazurin) had turned clear, indicating the media was chemically reducing. 
Bicarbonate/carbonate buffers were not used for the calcium carbonate amended microcosms, 




Table 4.1 Mineral media composition per litre 












Ammonium chloride NH4Cl 0.530 
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Table 4.3 Trace element solution composition per litre 






Boric acid H3BO3 0.005 
Zinc chloride ZnCl2 0.005 






Cobalt chloride hexahydrate CoCl2.6H2O 0.100 
Nickel chloride hexahydrate NiCl2.6H2O 0.010 
Disodium selenite Na2SeO3 0.005 





4.2.2 Synthesis of cellulose degradation products (CDP) 
 
Cellulose degradation products (CDP) were synthesised as described previously (22). 1.8 L of 
0.1 M sodium hydroxide and 10 g/L calcium hydroxide was purged with N2 inside a pressure 
vessel for 20 minutes prior to the addition of 200g of laboratory tissue (Pristine Paper Hygiene, 
UK). The vessel was sealed and the headspace was purged with N2 for a further 30 minutes to 
remove oxygen, followed by incubation at 80ºC for 30 days. After the incubation the resulting 
solution was filtered through a 0.22 µm filter unit (Millipore, UK) within an oxygen-free 
glovebox that had been purged with nitrogen for approximately 20 minutes. The filtrate was 
stored in the dark at 4 ºC within autoclaved and nitrogen purged Schott bottles.  
4.3 Liquid sample preparation 
 
Unless stated otherwise, microcosm liquid or environmental sample liquid requiring analysis 
were transferred to sterile Eppendorf tubes (1.5 mL) or Falcon tubes (50 mL) prior to 
centrifugation at 8000 RPM for 10 minutes to pellet the solids. The supernatant was filtered 
through a 0.45 µm syringe filter (Millipore, UK) into sterile tubes and stored at -20 ºC for long 
term storage if necessary prior to analysis.  
 
4.4 Analytical Methodologies 
 
4.4.1 High performance anion exchange chromatography with pulsed 
amperometric detection (HPAEC-PAD) 
 
A Dionex 3000 or 5000 ion chromatography system employing HPAEC-PAD was used to 
detect and quantify the alpha, beta and xylo forms of isosaccharinic acid (ISA) as described 
previously (24). 50 mM NaOH was used as an isocratic mobile phase with a flow rate of 0.5 
mL/min and the injected analyte (10µL) was separated  using a Dionex CarboPac PA20 column 
(250 mm length, 3 mm internal diameter, 6 μm particle size with a 10 Å pore size). The column 
was regenerated between the analyses of each sample via the elution of 200 mM sodium 
hydroxide for 20 minutes. Before analysis D-ribonic acid was added to each sample as an 
internal standard to a final concentration of 40 ppm. Calibration curves were used for the 
quantification of ISA after preparing pure forms of alpha, beta and xylo isosaccharinic acid as 
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described previously (238, 239). Chromatograms were integrated and processed using the 
Chromeleon 7.0 software package.  
4.4.2 Gas chromatography 
 
4.4.2.1 Volatile fatty acid analysis 
 
A HP GC6890 (Hewlett Packard, UK) gas chromatograph fitted with an auto-sampler was used 
for the detection and quantification of volatile fatty acids (VFA) as described previously (24). 
Samples were acidified prior to analysis by the addition of 85% phosphoric acid (10% v/v) 
followed by injection of 1µL acidified sample into the system. Helium was used as carrier gas 
which passed the sample through a HPFFAP column (30 m x 0.535 m x 1.00 μm; Agilent 
Technologies, UK). A flame ionisation detector using a hydrogen/compressed air blend was 
used to detect VFA’s under the following conditions: initial temperature of 95 °C for 2 minutes, 
followed by an increase to 140 °C at a ramp rate of 10 °C min-1 with no hold, followed by a 
second ramp to 200 °C at a ramp rate of 40 °C min-1 with a hold of 10 minutes, falling to a post 
run temperature of 50 °C. A standard mix of VFA’s (Supelco analytical, US) was used to 
identify and quantify VFA’s within the samples and the Chemstation software package 
(Agilent Technologies, UK) was used to process chromatograms. 
4.4.2.2 Headspace gas analysis 
 
The headspace gas composition of microcosms was analysed using an Agilent GC6850 
equipped with HP-PLOT/Q column with particle traps (35 m x 0.32 mm x 20 μm, Agilent 
Technologies, UK). Pressure lock syringes were used to remove 100 µL of headspace gas prior 
to injection into the column using nitrogen as carrier gas. Gas species were detected using a 
thermal conductivity detector operating under the following conditions: initial temperature of 
60 °C for 2 minutes, followed by an increase to 120 °C at a ramp rate of 30 °C min-1 with a 
detector temperature of 250 °C. A handheld digital manometer (TPI, UK) was used to measure 
the gas headspace pressure and gases were quantified using standards of known concentration 
along with the ideal gas law shown in Equation 4.1. 
Equation 4.1. The ideal gas law. 
PV = nRT 
P = Pressure (bar),  
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V = Volume (L), 
 n = Moles of gas (mol),  
R = Universal gas constant (8.314 L bar K−1 mol−1),  
T = temperature of gas (K) 
 
4.4.3 Determination of dissolved organic and inorganic carbon 
 
Dissolved organic carbon (DOC) and dissolved inorganic carbon (DIC) concentrations were 
determined with a Shimadzu TOC5000A (Shimadzu, Japan) employing nitrogen as carrier gas 
at a rate of 150 mL min-1. Prior to analysis samples were filtered through a 0.45 µm syringe 
filter (Millipore, UK) and diluted 10-fold in ultrapure water if sample volumes were 
insufficient for analysis or concentrations were above the limits of detection. Total carbon (TC) 
was quantified against a standard curve of potassium hydrogen phthalate in ultrapure water and 
dissolved inorganic carbon (DIC) was quantified against a standard curve of sodium carbonate 
and sodium bicarbonate in ultrapure water. The dissolved organic carbon (DOC) was calculated 
from the difference between total carbon and dissolved inorganic carbon as per the following 
equation: TC – DIC = DOC. 
4.4.4 Ion chromatography 
 
4.4.4.1 Sulphate, nitrate and chloride quantification 
 
Sulphate, nitrate and chloride analysis was carried out by ion chromatography employing a 
Thermofisher ICS-5000, Dionex IonPac AS14 column. 10 µl samples were injected into the 
system which used a 3.5 mM Na2CO3/ 1.0 mM NaHCO3 eluent at a flow rate of 1.2 mL/min. 
Analytes were detected via conductivity detection following suppression by Dionex AERS in 
auto-suppression recycle mode. 
4.5 Environmental sample analysis 
 
4.5.1 Extraction of volatile fatty acids 
 
Extractable VFA’s were determined from environmental sediment samples by the addition of 
1g of sample to 10 mL of 85 % (v/v) phosphoric acid, followed by vortexing and incubating at 
room temperature for 24 hours. The resulting mixture was centrifuged for 10 minutes at 8000 
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RPM and the concentration of VFA’s in the supernatant was determined via gas 
chromatography as described in Section 4.4.2.1. 
4.5.2 Metal analysis of pore waters via inductively coupled plasma mass spectrometry 
 
Pore-waters retrieved from the sampling sites were filtered through a 0.45 µm filter (Millipore, 
UK) and diluted 100-fold in ultrapure water containing trace-metal concentrated nitric acid (10 
% v/v). Inductively coupled plasma mass spectrometry (ICP-MS) was used to measure the 
dissolved metals using an Agilent 7900 ICP-MS in Spectrum Analysis acquisition mode. 
Mixed element stock solutions (CCS-2, CCS-4 and CCS-6, Inorganic Ventures) were prepared 
to a final concentration of 100 ppb in ultrapure water and trace-metal concentrated nitric acid 
(10 % v/v) to generate a calibration curve. The stock solution contained the following elements: 
Ag, Al, As, Au, Ba, Be, Bi, Ca, Cd, Co, Cr, Cs, Cu, Fe, Ga, Hg, In, Ir, K, Li, Mg, Mn, Na, Ni, 
Pb, Pd, Pt, Rb, Rh, Ru, Se, Sr, Tl, V and Zn. Additionally a blank solution containing ultrapure 
water and the trace-metal nitric acid (10 % v/v) was run alongside as a negative control. 
4.5.3 Thermal gravimetric analysis 
 
In order to determine the levels of free-water, organic content and inorganic content of 
environmental sediment samples, thermal gravimetric analysis (TGA) was carried out using a 
TGA 1 (Mettler Toledo).  Samples were heated over a defined temperature range and the 
associated mass losses were recorded. Samples (wet weight) were transferred to 70 µl alumina 
crucibles and heated at 10 ºC min-1, from 25 ºC to 1000 ºC under a nitrogen atmosphere. Sample 
sizes varied from 14.8 mg to 37.0 mg of material. Mass losses were recorded using the STARe 
software package.  
4.5.4 Simultaneous thermogravimetry mass spectrometry (TG-MS) 
 
Thermal gravimetric analysis coupled to mass spectrometry (TG-MS) was used to further 
investigate the sediment samples. This technique gathers additional information compared with 
TGA, since the gases released from the samples can be measured as it is heated. Samples were 
analysed using a Mettler Toledo TGA/SDTA851e thermobalance. Temperature calibration was 
achieved following the manufacturer’s recommendations using the SDTA melting point signal 
for indium and aluminium (calibration standard purity, 99.999%). Prior to TG-MS analysis, all 
samples were dried for 24 hours at 110 °C to remove excess water. The samples were then 
ground and passed through a sieve to ensure all particles were less than 100 µm in size. Each 
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sample was weighed to approximately 10 mg and placed within alumina crucibles and 
subjected to a temperature ramp of 10 °C min-1 from 30 to 800 °C. The sample was kept under 
an atmosphere of dry air flowing at 70 mL min-1. The evolved gas products were analysed 
online using a Hiden HPR20 quadrupole mass spectrometer coupled to the thermobalance 
through a custom made interface. The products were transferred to the mass spectrometer 
through a heated silica capillary line. Ionisation of gaseous products were made through 
electron ionisation and detected using a Faraday detector. Selected ion monitoring was acquired 
at an interval of 200 ms per scan for the 44 Da signal assigned to the release of CO2. 
4.5.5 pH determination 
 
The pH of liquid media, microcosm fluid and liquid environmental samples were determined 
using a portable handheld pH meter with electrodes (Mettler Toledo, UK), calibrated using pH 
4.0, 7.0 and 10.0 buffers. The pH of sediment samples and solid environmental samples were 
measured using standard methods as per BS ISO10390:2005 (240).  
4.6 Dissolved sulphide determination 
 
A micro ion electrode (LIS-146AGSCM, Lazar research laboratories Inc, US) together with a 
handheld mV unit were used to determine the concentration of dissolved sulphide against a 
standard curve of sodium sulphide nonahydrate.  
4.7 X-ray diffraction 
 
X-ray powder diffraction (XRD) was carried out using a D2 PHASER X-ray diffractometer 
(Bruker). Samples were dried at 80 ºC for 24 hours, prior to being homogenised using a pestle 
and mortar, then transferred to the sample holder and scanned for 3 minutes. Diffraction 
patterns were monitored and processed using DIFFRAC Measurement Centre V4.  
4.8 Surface area analysis 
 
Surface area analysis of the various forms of calcium carbonate was performed using a 
micromeritics ASAP 2020 surface analyser. Samples were powdered by mechanical grinding. 
The powdered samples were dried prior to analysis by holding them isothermally for 24 hours 
at approximately 110 °C. Each sample was then allowed to cool to room temperature and stored 
in glass wrapped in parafilm to prevent further moisture reuptake. Each sample was weighed 
directly in situ using the instruments analysis cells, a fixed volume reducing insert was added 
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to assist with the analysis. All three samples were degassed under the following conditions; 60 
minutes at 90 °C, under high vacuum, then 600 minutes at 250 °C, under high vacuum. Each 
sample was then back filled using nitrogen. Samples were left on the degas stage and 
transferred directly to the analysis stage immediately before analysis to prevent minimal 
contact with the atmosphere. The BET surface area measurements were taken at relative 
pressure (P/P0) measurements between 0.06 and 0.24. 
4.9 PHREEQC analysis 
 
Geochemical modelling was undertaken to determine the concentration of total calcium and 
dissolved inorganic carbon (DIC) using the PHREEQC program after equilibration with calcite 
between pH 7.0 – 12.0. The modified minteqplus database was used under the conditions 
outlined in Table 4.4, which is an ion speciation and solubility database. 
Table 4.4. PHREEQC modelling input data (x = 7, 8, 9, 10, 11 and 12) 
SOLUTION 1 
 
    temp      25 
    pH        X 
    pe        4 
    redox     pe 
    units     mmol/kgw 
    density   1 
    B         1.6 uMol/kgw 
    Ca        0.05 
    Cl        14.34 
    Cu(2)     0.4 uMol/kgw 
    Fe(2)     0.05 
    K         1.98 
    Mg        0.49 
    Mn(2)     29.5 uMol/kgw 
    N(-3)     9.9 
    Na        6.27 
    Ni        1.2 uMol/kgw 
    P         5.11 
    Se(4)     0.12 umol/kgw 
    Zn        6.4 umol/kgw 
    -water    1 # kg 
EQUILIBRIUM_PHASES 1 





4.10 Microscopy techniques 
 
4.10.1 Sample preparation 
 
Unless stated otherwise, biological samples were fixed in 4% paraformaldehyde in PBS at 4ºC 
for 24 hours. Samples were centrifuged at 8000 RPM for 5 minutes and the pellet was washed 
with PBS twice to remove paraformaldehyde. Samples were subsequently stored at -20 ºC until 
use in a storage buffer composed of 250 mL of 96% ethanol (v/v), 140 mL ultrapure water and 
10 mL of 1 M TRIS-HCl (pH 7.5).  
4.10.2 Scanning electron microscopy and elemental analysis 
 
A Quanta FEG 250 (FEI, USA) microscope with an electron dispersive X-ray spectroscope 
(EDS) was used for the analysis of samples via scanning electron microscopy. Samples were 
dehydrated prior to analysis using a series of ethanol dilutions between 25, 50, 75 and 100% 
for 2 minutes on each step. Samples were then sputter coated via a gold palladium plasma 
(CA7625 Polaron, Quorum Technologies Ltd, UK). 
4.10.3 Confocal laser scanning microscopy 
 
Confocal laser scanning microscopy (CLSM) of samples was performed either at the 
Bioimaging facility at the University of Huddersfield, UK, or at the Bioimaging Centre at 
Leeds University, UK. A Zeiss LSM880 inverted confocal microscope was used for the 
imaging and images were processed using Zen 2.1 software (Zeiss Microscopy). 
 
4.10.3.1 Five colour biofilm imaging 
 
Extracellular polymeric substances (EPS) were stained and visualised using previously 
described methods (228). Nile red was used for the visualisation of lipids and hydrophobic 
sites. α-mannopyranosyl and α-glucopyranosyl sugars were visualised with Concanavalin A, 
Tetramethylrhodamine Conjugate (ConA). Protein was visualised using FITc. β-1,4 and β-1,3 
polysaccharides were visualised using calcofluor white. Total cells and extracellular DNA was 
visualised using Syto 63. Table 4.5 shows the concentration, staining times and 
absorption/emission spectra for each component. Negative controls were performed on 
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materials not exposed to stains to indicate auto-fluorescence and samples were kept hydrated 
throughout the procedure. 
Table 4.5. Properties of the stains used for visualisation of biofilm materials 
Stain Concentration Time (minutes) Excitation (nm) Emission (nm) 
Calcofluor white 30 mg L-1 30 400 410 - 480 
ConA 25 mg L-1 30 543 550 - 600 
FITc 100 mg L-1 60 488 500 - 550 
Nile red 0.6 mg L-1 10 514 625 - 700 
Syto 63 2μM 30 633 650 - 700 
 
4.10.3.2 Fluorescence in situ hybridisation 
 
Fluorescence in situ hybridisation (FISH) was performed using previously described methods 
(230). The buffer used for the hybridisation was composed of 0.9 M NaCl, 0.01 % SDS, 0.01 
M TrisHCl (pH 7.2) and 35 % formamide, with all probes used at a final concentration of 5 
ng/µL. The hybridisation was conducted at 46 ºC for 1.5 hours, followed by a 10 minute wash 
in a buffer composed of 0.08 M NaCl, 0.01 % SDS and 0.01 M Tris-HCl (pH 7.2) at 46 ºC. 
The details of each probe is shown in Table 4.6, with all probes manufactured by MWG 
operons. Negative controls were performed on materials not exposed to stains to indicate auto-
fluorescence.   
Table 4.6. Details of oligonucleotide FISH probes 
Probe Target Oligonucleotide sequence 






ARC915 Archaea GTGCTCCCCCGCCAATTCCT CY3 548 561 (241) 
EUB338 Eubacteria GCTGCCTCCCGTAGGAGT FAM 494 519 (241) 
LGC354 Firmicutes TGGAAGATTCCCTACTGC FITC 494 519 (242) 
Delta495 Deltaproteobacteria AGTTAGCCGGTGCTTCCT ATTO 425 439 485 (243) 
Bac303 Bacteroidetes CCAATGTGGGGGACCTT ATTO 610 616 633 (244) 
 
4.10.4 Atomic force microscopy  
 
Atomic force microscopy (AFM) was carried out using a Dimension® Icon™ Scanning Probe 
Microscope (Bruker) with ScanAsyst. A triangular probe was used (SCANASYST-AIR, 
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Bruker) with the following specifications: resonant frequency 70 kHz, spring constant 0.4 N/m, 
length 115 µm, width 25 µm. The software package NanoScope Analysis (Bruker) was used 
for image processing. 
4.10.5 Alicona microscopy 
 
3D surface characterisation of steel coupons was carried out using an Alicona EdgeMaster G4 
instrument at 100x magnification. The instrument uses focus variation and has a vertical 
resolution of 10 nm. Alicona software was used to process the images and Replica mode was 
applied when viewing replicated steel surfaces. 
4.10.5.1 Replication of steel surfaces 
 
The surfaces of steel coupons was replicated using Microset 202 (Microset, UK), which is a 
high resolution (50 nm) replication compound. The material was prepared to the 
manufacturer’s instructions, then applied to the steel surface and allowed to set for 5 minutes, 
before being removed and visualised using Alicona instruments (Section 4.10.5). 
4.10.6 Light microscopy 
 
Images of the phenolphthalein-stained NRVB surfaces were taken using a VHX-6000 series 
digital microscope (Keyence). The Keyence software package was used to process the images. 
4.11 Molecular Biology 
 
4.11.1 Extraction and purification of nucleic acids 
 
4.11.1.1 DNA/RNA co-extraction method 
 
A modified version of the Griffiths method (190) was used to extract genomic DNA and RNA 
from microcosms and environmental samples. Liquid samples (50 mL) were centrifuged at 
5000 RPM for 30 minutes to pellet the biological material. Approximately 45 mL of 
supernatant was discarded and the pellet was re-suspended in the remaining supernatant 
volume. 0.5 mL of the re-suspended pellet fluid was added to a glass bead tube containing 0.1 
mm glass beads (Cambio, UK) along with 0.5 mL of cetyl-trimethylammonium bromide 
(CTAB), 0.5 mL of phenol chloroform isoamyl alcohol (25:24:1) and 0.1 mL of  β-
marcaptoethanol (RNase inhibitor). If the sample was solid approximately 0.5 g of material 
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was added to the bead tube in the same fashion as liquid samples. CTAB was prepared by 
mixing 10 % (w/v) cetyl-trimethylammonium bromide in 0.7 M sodium chloride and 240 mM 
phosphate buffer, followed by diluting 50:50 in 240 mM phosphate buffer (pH 8.0). The bead 
tube was homogenised using a BeadBlasterTM 24 at 5.5 m/s for 60 seconds followed by 
centrifuging the tube at 13,000 RPM for 5 minutes. Following the centrifugation the upper 
layer of supernatant (approximately 450 µL) was removed and added to an Eppendorf tube (1.5 
mL) containing an equal volume of chloroform/isoamyl alcohol (24:1), followed by vortexing 
the mixture for 30 seconds. The tube was centrifuged at 13,000 RPM for 5 minutes and the 
upper layer of supernatant (approximately 450 µL) was removed and added to a fresh 
Eppendorf tube as described above. Different methods were applied to precipitate RNA and 
DNA. For DNA the supernatant acquired in the previous step was mixed with two volumes of 
30 % (w/v) polyethylene glycol-6000 in 1.6 M sodium chloride and incubated for 24 hours at 
4 ºC. If RNA was required then the supernatant was instead mixed with two volumes of ice 
cold molecular grade absolute ethanol together with 1/10th the volume of DNA suspension of 
3 M sodium acetate and incubated at -20 ºC for 2 hours. The shorter incubation times and lower 
temperatures used for the precipitation of RNA was employed to reduce the risk of RNA 
degradation. Following the incubation period tubes were centrifuged at 13,000 RPM for 20 
minutes and the complete volume of supernatant was discarded. The pellet was washed with 
200 µL ice cold molecular grade absolute ethanol and centrifuged for 5 minutes at 13,000 RPM. 
The ethanol was then removed and the pellet allowed to air dry for 10 minutes or until visibly 
dry, followed by re-suspending the pellet in DNase/RNase free ultra-pure water. Reagents were 
made DNase/RNase free by incubating overnight at 37 ºC with 0.1 % diethylpyrocarbonate 
followed by autoclaving at 121 ºC for 20 minutes.  
4.11.1.2 Extraction of DNA using MO-BIO PowerSoil® kit 
 
DNA from calcium carbonate microcosms and alkaline sediment samples was extracted using 
the PowerSoil® DNA extraction kit (MO-BIO, US) to the manufacturer’s instructions. This 
extraction method includes steps for the removal of humic substances and calcium ions which 
appeared to interfering with purification of nucleic acids using the Griffiths method outlined 
above. For the calcium carbonate reactors the microcosm fluid was first passed through a 0.45 
µm filter. The filter paper was retained and cut into pieces using sterile scissors. Approximately 
0.25 g of filter paper or 0.25 g of sediment sample (wet weight) was added to the PowerBead 
tube, together with 60 µL of solution C1 (lysis solution), followed by vortexing and 
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homogenising using a BeadBlasterTM 24 at 5.5 m/s for 60 seconds. The tubes were centrifuged 
at 10,000 RPM for 60 seconds, followed by transferring the supernatant to a clean 2 mL 
Eppendorf tube. 250 µL of solution C2 was added to the tube, followed by incubation at 4 ºC 
for 5 minutes to remove humic substances. Tubes were centrifuged for 60 seconds at 10,000 
RPM, followed by transferring the supernatant to a clean 2 mL Eppendorf tube. 200 µL of 
solution C3 was added to the tube and incubated for 5 minutes at 4 ºC. Tubes were centrifuged 
at 10,000 RPM for 60 seconds and the supernatant was mixed with 1.2 mL of solution C4 in a 
fresh collection tube, followed by centrifugation at 10,000 RPM for 60 seconds through a silica 
membrane column. Solution C5 was added to wash the filter via centrifugation for 60 seconds 
at 10,000 RPM. After all ethanol had been removed from the filter, 30 µL of solution C6 was 
applied to the membrane and the purified DNA was eluted via centrifugation at 10,000 RPM 
for 60 seconds.  
4.11.1.3 Purification of RNA 
 
The DNase I kit (Invitrogen™) was used to enzymatically digest the DNA from the mixture of 
RNA/DNA (extracted using the Griffiths method outlined above) in order to isolate the RNA. 
Briefly, the sample of RNA/DNA was made up to a volume of 8 mL using DNase/RNase free 
water, followed by the addition of 1 mL 10X reaction buffer (provided) and 1 mL DNase I (1 
unit mL-1). The sample was mixed gently via pipetting and incubated for 15 minutes at room 
temperature. DNase was removed and RNA was purified using the RNeasy MinElute Cleanup 
Kit (Qiagen) as per the manufacturer’s instructions.  
4.11.1.4 Quantification of nucleic acids 
 
Nucleic acids were quantified using either a Jenway Genova nano spectrophotometer (Bibby 
Scientific, UK) or using a QubitTM 4 fluorometer. For spectrophotometric quantification 
samples (1 µL) were exposed to UV light at 260 nm and the purity ratios of the sample was 
determined based on the extinction coefficient for DNA and RNA. For fluorometric 
quantification the Qubit™ dsDNA HS Assay Kit or Qubit™ RNA HS Assay Kit was used to 
the manufacturers instructions.  
4.11.1.5 Visualisation of nucleic acids 
 
Gel electrophoresis was employed to visualise genomic DNA and RNA via the use of 1 % 
agarose gels prepared in tris-acetate EDTA buffer (TAEB). The 1 % agarose solution prepared 
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in TAEB was melted by microwaving, to which 1 µL of SYBR® safe stain was added before 
pouring the solution into plastic moulds and being allowed to set at room temperature. After 
setting the gel was immersed in TAEB and genomic DNA/RNA (5 µL) was mixed with 1 µL 
of 5X loading dye (Bioline, UK) by pipetting, followed by inserting the mixture into each well 
along with a 1-10 kb ladder (Hyperladder 1kb, Bioline, UK). The gel was subjected to 
electrophoresis at 100 V for 60 minutes then visualised under UV light prior to recording the 
image using the BioDoc-It® 210 imaging system (UVP LLC, US). 
 
4.11.2 Polymerase chain reaction (PCR) 
 
4.11.2.1 Hot start PCR for 16S rRNA gene amplification  
 
A hot start PCR method was employed to reduce the chance of primer dimer formation and 
non-specific amplification. MyTaqTM HS red mix (Bioline, UK) was used to generate PCR 
products for analysis via the Illumina MiSeq platform, which contained the reaction buffer, 
dNTPs, magnesium and Taq polymerase. The reaction was generically composed of the 
MyTaqTM HS red mix (25 µL), template genomic DNA/cDNA (10-100 ng), together with 
forward and reverse primers (2 µL of each at 20 µM) and topped up to a final reaction volume 
of 50 µL using DNase/RNase free water. Reaction tubes were placed into a thermocycler and 
run under the following conditions: initial denaturation at 95 °C for 1 minute, followed by 30 
cycles of denaturation at 95 °C for 15 seconds, annealing at 60 °C for 30 seconds, extension at 
72 °C for 15 seconds followed by a final extension at 72 °C for 2 minutes. Following the 
thermocycler run the samples were maintained at 4 ºC before use in downstream applications. 
Positive controls for the PCR reactions used genomic DNA extracted from Pseudomonas 
aeruginosa cultured in the laboratory and Methanobacterium bryantii (DSMZ 863), with 
negative controls run without genomic DNA. The visualisation of PCR products was 




Table 4.7. Primers used for the amplification of the 16S rRNA gene and microbial 
community analysis 






















4.11.2.2 Purification of PCR products 
 
The Qiaquick PCR purification kit (Qiagen, UK) was used to purify PCR products for 
downstream applications by following the manufacturer’s instructions. Briefly, the PCR 
products were bound to a silica membrane via centrifugation at 10,000 RPM after conversion 
to a salt via the addition of 5 volumes of buffer (supplied) and 10 µL of 3 M sodium acetate. 
The bound PCR products were cleaned of redundant materials (primers, polymerases) using an 
ethanol-based wash buffer, prior to eluting from the column using RNase/DNase free water 
and centrifugation.  
4.11.2.3 Primer synthesis 
 
All primers were synthesised commercially by MWG Operons and prepared to a final stock 
concentration of 100 pmol/µL using the instructions on the synthesis report.  
4.11.3 cDNA synthesis 
 
cDNA was generated from isolated RNA using the Tetro cDNA Synthesis Kit (Bioline, UK). 
Briefly, between 10-100 ng of RNA was added to 1 μL random hexamer mix, 1 μL 10 mM 
dNTPs, 1 μL Tetro reverse transcriptase (200 U µL-1), 4 μL 5x RT buffer and 1 μL RiboSafe 
RNase inhibitor with a final volume of 200 µL achieved using RNase/DNase grade water. 
Samples were then incubated at 25 ºC for 10 minutes, followed by heating for 30 minutes at 45 
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ºC. The reaction was terminated by incubating the samples for 5 minutes at 85 ºC. Samples 
were then stored until use at -20 ºC.  
4.11.4 Microbial community analysis via Illumina MiSeq platform 
 
The MiSeq nano platform (Illumina, USA) was used for the sequencing of PCR products and 
genomic DNA using the commercial service provided by ChunLab (South Korea). The pipeline 
for sequencing began with the generation of PCR amplicons from genomic DNA followed by 
the barcoding of these amplicons via an index PCR technique. The PCR amplicons were run 
via the MiSeq nano platform at 250bp paired ends after being purified and quantified. PandaSeq 
was used to merge paired ends (248) and the UCHIME algorithm was used to identify and 
remove chimeric sequences (215). The EzTaxon database was used to assign sequence 
phylogeny (211) and CD-HIT-EST used to perform OTU clustering at a 95 % confidence 
interval (249). The CLcommunity software suite (ChunLab, South Korea) was used to assign 
alpha diversity statistics, rank abundance curves and Rarefaction curves. 
4.11.4.1 Additional bioinformatics analysis 
 
Heat-maps and principal components analysis (PCA) was undertaken using ClustVis (250).  
 
4.11.5 Microbial community BioProject accession numbers 
 






Buxton Background PRJNA524631 SAMN11037403 
Horton Background  SAMN11037404 
Tarmac Background  SAMN11037405 
LK Background  SAMN11037406 
Canal Background  SAMN11037407 
ConsettWetland Background  SAMN11037408 
ConsettStream Background  SAMN11037409 
Redcar Background  SAMN11037410 
Scunthorpe Background  SAMN11037411 
Buxton Alkaline  SAMN11044315 
Horton Alkaline  SAMN11044316 
Tarmac Alkaline  SAMN11044317 
LK Alkaline  SAMN11044318 
Canal Alkaline  SAMN11044319 
ConsettWetland Alkaline  SAMN11044320 
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ConsettStream Alkaline  SAMN11044321 
Redcarb Alkaline  SAMN11044322 
Scunthorpe Alkaline  SAMN11044323 
Buxton Cotton  SAMN11044324 
Horton Cotton  SAMN11044325 
Tarmac Cotton  SAMN11044326 
ConsettWetland Cotton  SAMN11044327 
ConsettStream Cotton  SAMN11044328 
Redcar Cotton  SAMN11044329 
Scunthorpe Cotton  SAMN11044330 
Canal pH 7 CDP PRJNA525260 SAMN11044343 
Buxton pH 7 CDP  SAMN11044344 
Tarmac pH 7 CDP  SAMN11044345 
Horton pH 9 CDP  SAMN11044346 
Canal pH 8 CDP  SAMN11044347 
Buxton pH 8 CDP  SAMN11044348 
Tarmac pH 8 CDP  SAMN11044349 
Horton pH 10 CDP  SAMN11044350 
Canal pH 9 CDP  SAMN11044355 
Buxton pH 9 CDP  SAMN11044356 
Tarmac pH 9 CDP  SAMN11044357 
Horton pH 11 CDP  SAMN11044358 
Canal pH 10 CDP  SAMN11044359 
Buxton pH 10 CDP  SAMN11044360 
Tarmac pH 10 CDP  SAMN11044361 
Canal pH 7 H2  SAMN11044362 
Buxton pH 7 H2  SAMN11044363 
Tarmac pH 8 H2  SAMN11044364 
Horton pH 9 H2  SAMN11044365 
Canal pH 8 H2  SAMN11044366 
Buxton pH 8 H2  SAMN11044367 
Tarmac pH 9 H2  SAMN11044368 
Horton pH 10 H2  SAMN11044369 
Canal pH 9 H2  SAMN11044370 
Buxton pH 9 H2  SAMN11044371 
Tarmac pH 10 H2  SAMN11044372 
Horton pH 11 H2  SAMN11044373 
Canal pH 10 H2  SAMN11044374 
Buxton pH 10 H2  SAMN11044375 
Tarmac pH 8 ACE  SAMN11044376 
Canal pH 7 ACE  SAMN11044377 
Buxton pH 7 ACE  SAMN11044378 
Canal pH 8 ACE  SAMN11044379 
Canal pH 9 ACE  SAMN11044380 
LK pH 7  SAMN11044382 
Con Wet pH 7  SAMN11044383 
Con Stream pH 7  SAMN11044384 
Redcar pH 7  SAMN11044385 
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Scunthorpe pH 7  SAMN11044386 
LK pH 10  SAMN11044387 
Con Wet pH 10  SAMN11044388 
Con Stream pH 10  SAMN11044389 
Redcar pH 10  SAMN11044390 
Scunthorpe pH 10  SAMN11044391 
304BF CDP PRJNA524633 SAMN11044394 
316BF CDP  SAMN11044395 
Bulk CDP  SAMN11044396 
304BF CDP+SO4  SAMN11044397 
316BF CDP+SO4  SAMN11044398 
Bulk CDP+SO4  SAMN11044399 
Bux CaCO3 Powder PRJNA525266 SAMN11044400 
Hor CaCO3 Powder  SAMN11044401 
Tar CaCO3 Powder  SAMN11044402 
LK CaCO3 Powder  SAMN11044403 
Conwet CaCO3 Powder  SAMN11044404 
ConStream CaCO3 Powder  SAMN11044405 
Redcar CaCO3 Powder  SAMN11044406 
Scun CaCO3 Powder  SAMN11044407 
Bux Marble  SAMN11044408 
Hor Marble  SAMN11044409 
Tar Marble  SAMN11044410 
LK Marble  SAMN11044411 
Conwet Marble  SAMN11044412 
Constream Marble  SAMN11044413 
Redcar Marble  SAMN11044414 
Scun Marble  SAMN11044415 
NRVB 1  SAMN11044416 
NRVB 2  SAMN11044417 
NRVB 3  SAMN11044418 
 
4.12 Site investigations 
 
4.12.1 Cotton preparation 
 
Prior to incubation within the anthropogenic alkaline sites and neutral-pH controls sites cotton 
fabric samples were first saponified using NaOH, and any impurities were emulsified using an 
alkali stable phosphate ester detergent. The fabric was bleached via treatment with NaOH and 
phosphonate stabilised H2O2. The cotton was neutralised under acetic acid, before being rinsed 




4.12.2 Sampling site investigations 
 
A total of 13 sampling sites were investigated during the period of study. These sites varied 
from lime-contaminated environments, steel slag sites and ancient lime field kilns, which were 
investigated along with a neutral-pH uncontaminated site acting as a control. The newest of the 
lime-contaminated environments included the Buxton site (Site B), the Horton quarry site (Site 
H) and the Tarmac quarry site (Site T). The older lime sites were associated with five ancient 
lime field kilns (Sites LK1-5). The steel slag sites included the Consett wetlands (Site CW), 
the Consett stream (Site CS), the Redcar site (Site RC) and the Scunthorpe site (Site SC). The 
Huddersfield canal was used as a control (Site C). Sediment cores were retrieved from all of 
these sites using a hand corer (dia. 2.2 cm) at a depth of approximately 0.5 m from saturated 
areas. The retrieved sediment cores were placed within Falcon tubes (50 mL) which were filled 
to maximum capacity with the associated pore waters to eliminate the atmosphere, then 
transported to the laboratory within 3 hours. Any samples that were not used immediately were 
stored at -80 ºC until use. VFA species, sulphate, nitrate, chloride and metal concentrations of 
the samples were analysed using methods described in Section 4.5.  
After extracting the sediment cores, cellulose samples were incubated within the resulting 
boreholes, except for within the ancient lime field kiln sites (Sites LK1-5). This was achieved 
by inserting an inert plastic liner into each borehole containing holes in the lower section to 
allow for colonisation of the cotton. A mesh bag filled with approximately 5 g of sterile cotton 
and 5 g sterile sand was placed at the bottom of the borehole and incubated for approximately 
3 months. At least triplicate boreholes were generated within each site for analysis of the intra-
site variation. The pH of the associated pore waters was recorded in situ using a portable pH 
meter and calibrated electrodes (Mettler Toledo, UK). Pore waters from each site were 
extracted before emplacement of the cellulose samples, with VFA species, sulphate, nitrate, 
chloride and metal concentrations analysed as described above. Cotton from each borehole was 
prepared for microscopic analysis via CLSM and SEM as described in Section 4.7.1. A map 
and the grid references for the sampling sites employed during the period of study are shown 








Figure 4.2. Photographs of the New Lime sites. The New Lime sites had highly alkaline 
waters and sediments, along with tufa deposits. Organic materials were present and in contact 
with the alkaline waters. [A] Buxton (Site-B), [B] Horton-in-Ribblesdale (Site-H), [C] 





Figure 4.3. Photographs of the Old Lime sites. The Old Lime sites had mildly alkaline 
sediments and were unsaturated during sampling. [A] Ancient field lime kiln (Site LK5), [B] 




Figure 4.4. Photographs of Steel sites. The Steel sites had highly alkaline waters and 
sediments and in some cases tufa deposits. Organic materials were present and in contact 
with the alkaline waters. [A] Consett Wetlands (Site CW), [B] Consett Stream (Site CS), [C] 




Figure 4.5. Photographs of Control site. The Control site (site C) had neutral-pH waters 





4.13 Microcosm investigations 
 
4.13.1 Batch fed microcosms 
 
Microcosms were developed under sulphate-reducing and methanogenic conditions using 
approximately 10 % (w/v) of sediment sample from the sites described in Section 4.12 as 
inoculum. These microcosms were operating at pH 10.0 and 25 ºC on a 2-weekly waste/feed 
cycle. The growth media was comprised of 10% CDP (v/v) (Section 4.2.2) and 90 % mineral 
media (Section 4.2.1). For microcosms operating under sulphate-reducing conditions the 
mineral media was amended with Na2SO4 (1 g/L). The microcosms were purged with N2 during 
the waste/feed procedure and liquid/gas samples were withdraw from the reactors for analysis 
as described previously. A typical batch-fed microcosm is shown in Figure 4.6.  
 
Figure 4.6. Batch-fed microcosm diagram
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4.13.2 Batch microcosms 
 
4.13.2.1 pH adaption study 
 
To investigate the upper pH limits for methanogenesis and to determine the methanogenic 
pathways being utilised over a range of pH values, the sediment samples retrieved from the 
alkaline sites B, H, T and control site C were used to develop fermentative (CDP-fed), 
hydrogenotrophic (H2/CO2-fed) and acetoclastic (acetate-fed) methanogen enrichment 
cultures. For H2/CO2-fed microcosms, Wheaton bottles (100 mL) were left open inside an 
anaerobic chamber (DW Scientific) and allowed to reach equilibrium with the chambers 
atmosphere, with gas composition of H2/CO2/N2 (10:10:80) at 1.4 atm for 24 hours. The 
mineral media (Section 4.2.1) was dispensed (45 mL) into the vessels within the chamber and 
a butyl rubber septum and aluminium crimp top was used to seal the vessel, followed by 
autoclaving at 121 ºC for 20 minutes. For CDP-fed, acetate-fed and negative control 
microcosms the same procedure was followed, however Wheaton bottles were purged for 15 
minutes with N2 by fitting a nitrogen line through the post box of the anaerobic chamber, prior 
to autoclaving and inoculating. The mineral media used for acetate-fed microcosms was 
amended with sodium acetate, giving a final concentration of 30 mM acetate. CDP was added 
to the CDP-fed microcosms after autoclaving to a final concentration of 10 % (v/v), using 
degasses syringes and needles inside the anaerobic chamber. Figure 4.7 shows a diagram of the 
H2/CO2-fed, acetate-fed and CDP-fed batch microcosms used for the pH adaption study.  
In order to inoculate the culture vessels, approximately 5 g of sediment sample was mixed with 
5 mL of sterile mineral media inside a Falcon tube (50 mL) under a nitrogen atmosphere, 
followed by inoculating the Wheaton bottles with the resulting slurry (5 mL) using degassed 
syringes and needles. CDP was used as substrate for the initial inoculation (Figure 4.7C) due 
to its ability to provide H2/CO2 and acetate through fermentation pathways (22-24). The 
alkaline site microcosms (sites B, H, T) were initiated at pH 10.0 and the neutral-pH sediments 
(site C) were initiated at pH 7.0. Culture vessels were incubated for 2 weeks in the dark at 25 
ºC, with headspace gas, VFA’s and ISA quantities monitored throughout the incubation using 
previously described methods. Microcosms that were positive for headspace methane were 
sub-cultured three times into the same media (after the 2 week incubation) in order to remove 
redundant TEA’s and organic materials present in the sediments. Sub-cultures of these were 
subsequently generated between pH 7.0-12.0 using either H2/CO2, acetate or CDP as substrate 
(Figure 4.7) and monitored as described above. A workflow of the pH adaption study using the 
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neutral-pH and alkaline sediments is shown in Figure 4.7 and 4.8.  DNA was extracted from 
all active methanogenic reactors for microbial community analysis as described in Section 
4.11. 
4.13.2.2 Additional methanogenic enrichment cultures 
 
Further sampling sites were investigated for their methanogenic potential, namely the Steel 
sites (CW, CS, RC, SC) and Old Lime sites (LK1-5) described in Section 4.9.2. H2/CO2-fed 
and acetate-fed microcosms were established from these sediments as described in Section 
2.13.2.1, however these were only tested at pH 7.0 and 10.0 due to time constraints.  
4.13.2.3 Calcium carbonate microcosms  
 
In order to determine whether calcium carbonate could be used as a carbon source for 
hydrogenotrophic methanogenesis at high pH, microcosms were developed where the CO2 
being supplied in the growth media was replaced with either calcium carbonate powder, marble 
chips or pre-carbonated NRVB. The microcosms developed from the New Lime, Old Lime and 
Steel sites fed with H2/CO2 and operating at pH 10.0 described previously were used as 
inoculum for this study. This was achieved as described in Section 4.13.2.1, however the 
anaerobic chamber used for this study (BugBox Anaerobic Workstation) had a gas composition 
of H2/N2 (10:90). Culture vessels were amended with either calcium carbonate powder (10 % 
w/v), marble chips (10 % w/v) or NRVB chips (10 % w/v). Low concentrations of dissolved 
inorganic carbon (<20 ppm) were detected within the original sub-cultures due to carry-over 
from the carbonate buffered systems, therefore further sub-cultures (1:10 dilution) were 
generated after a 6 week incubation in order to restrict all carbon sources to the solid phase of 
culture bottles at the start of the experiment. Negative controls contained a 100 % nitrogen 
headspace. Abiotic controls were run alongside the test reactors without the addition of 
inoculum to test hydrogen leakage during headspace gas sampling. The culture bottles were 
incubated at 25 ºC for 6 weeks, with liquid and gas samples routinely removed with degassed 
syringes and needles to monitor pH, VFA’s, headspace gas composition and DIC 
concentrations. A diagram of the calcium carbonate microcosms is shown in Figure 4.10. 
4.13.2.4 Inhibition studies 
 
Methyl fluoride (CH3F) was used to inhibit acetoclastic methanogenesis, which was injected 
into the headspace of culture bottles with pressure-lock syringes to a final concentration of 1 
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% (v/v) as described previously (251). This was achieved firstly by filling sealed Wheaton 
bottles (100 mL) with methyl fluoride (Fluorochem) from a gas cylinder using an inlet and 
outlet gassing line which pierced through the rubber septum of the vessel. The pressure within 
the Wheaton bottles containing 100 % CH3F was measured using a digital handheld manometer 
(TPI, UK), with a pressure of 1 atm inferring 1 mL was injected into the headspace of biotic 
microcosm vessels to reach a final concentration of 1 % (v/v).  
4.13.3 CDC biofilm reactors 
 
CDC biofilm reactors (Figure 4.11) were employed to develop methanogenic and sulphate-
reducing biofilms on steel surfaces at pH 11.0. The batch-fed microcosms described in Section 
2.13.1 operating under sulphate-reducing conditions employing site B sediments was used as 
inoculum for this study. Grade 304 and 316 steel coupons were fitted into the holder rods of 
the reactor and immersed in 400 mL of mineral media (methanogenic conditions) or mineral 
media amended with 1 g/L Na2SO4 (sulphate-reducing conditions) and 50 mL CDP under a 
constant stream of nitrogen. The vessel was sealed whilst maintaining nitrogen purging through 
the inlet and outlet tubes, followed by inoculation (50 mL) using degassed syringes. The reactor 
was maintained on a two-weekly waste/feed cycle (10 % volume) for 3 months using the same 
media, as described in Section 4.13.1. Liquid and gas samples were removed for analysis 
through the sampling tubing using degassed syringes. After the incubation steel coupons were 
removed aseptically for analysis via SEM, CLSM and microbiome analysis. Biofilm materials 
were removed from a proportion of the coupons using a diluted nitric acid (10 % v/v) wash for 
surface characterisation. Abiotic negative control microcosms were run alongside as per the 
biotic reactors without the addition of inoculum. Abiotic positive control microcosms were also 
run alongside, which contained a high dissolved sulphide concentration (5 g/L) using 
Na2S.9H20.  
4.13.3.1 Steel coupons 
 
Grade 304 and 316 steel coupons (13 mm dia. x 1 mm thick) used in the CDC biofilm reactors 
were ordered from SYSPAL, UK. Coupons were autoclaved prior to use within the microcosm 
experiments.  




4.13.4.1 ISA degradation rates 
 
The half-life (t1/2) first order reaction rates for ISA were calculated using Equation 4.1:  
𝐶𝑥 = 𝐶0𝑒 −𝑘𝑡 
Equation 4.1. 𝐶𝑥 = ISA final concentration, 𝐶0 = ISA initial concentration, k = first order rate 
constant and t = time. 
4.13.4.2 Methane generation rates 
 
Methane generation rates were calculated using Equation 4.2:  
(M𝑥 – M0) / t 
Equation 4.2. M𝑥 = final methane quantity, M0 = initial methane quantity, t = time 
 
4.13.4.3 Acetate and hydrogen consumption rates 
 
Acetate and hydrogen consumption rates were calculated using Equation 4.3: 
(Q0 – Q𝑥) / t 
Equation 4.3. Q0 = initial quantity, Q𝑥 = final quantity, t = time 
 
 
4.13.4.4 Theoretical methane generation  
 
Theoretical methane values were calculated using the following balance equations for 
acetoclastic and hydrogenotrophic methanogenesis: 
1) CH3COOH → CO2 + CH4 (Acetoclastic)  (252) 
2) CO2 + 4H2 → 2H2O + CH4 (Hydrogenotrophic) (253)   
Therefore 1 mole of acetate is converted to 1 mole of methane during acetoclastic 
methanogenesis, in contrast 1 mole of hydrogen is converted to 0.25 moles of methane during 
hydrogenotrophic methane generation. Theoretical methane values assume any acetate or 
hydrogen consumed are converted to methane. 1 mole of acetate removed from a microcosm 
by microbial action should in theory equate to the generation of 1 mole of methane within the 







Figure 4.7. Batch microcosms for pH adaption study. [A] H2/CO2-fed microcosms, [B] acetate-fed microcosms, [C] CDP-fed microcosms. 








Figure 4.8. Work flow for pH adapt study using neutral-pH sediments from the control 
site. The workflow continued up to pH 11.0 and 12.0 (not shown), or until no 




Figure 4.9. Work flow for pH adapt study using alkaline sediments from sites B, H and 
T. pH 10.0 microcosms were also sub-cultured into pH 11.0 and 12.0 microcosms fed with 







Figure 4.10. Batch microcosms for calcium carbonate investigations. [A] Microcosms amended with marble chips [B] microcosms amended 








4.13.5 Preparation of NRVB 
 
Nirex reference vault backfill (NRVB) was prepared using previously described methods (9). 
The components listed in Table 4.8 were mixed and then allowed to set within circular moulds 
(dia. 1 cm) under a nitrogen atmosphere. The solidified NRVB chips were then incubated under 
a 10 % CO2 atmosphere for 4 weeks at 25 ºC prior to use within the microcosm experiments. 
A proportion of the NRVB chips were maintained under nitrogen as negative controls for 
carbonation analysis. 
Table 4.9. Composition of NRVB 
Component Mass (g) 
Lime 300 
Limestone flour 990 
Portland cement 900 
Water 1230 
 
4.13.5.1 Carbonation analysis of NRVB 
 
NRVB surfaces were analysed for evidence of carbonation via staining with a phenolphthalein 
ethanol solution (1 % v/v) (254). The solution was added directly to the surface of NRVB, with 
pink areas indicating alkaline zones and colourless areas representing low pH zones. Colourless 
areas is an indicator of carbonation due to the production of carbonic acid.   
4.14 Micro profiling 
 
4.14.1 pH profiling 
 
pH profiles of the sulphate-reducing and methanogenic biofilms developed on the steel 
coupons was performed using a micromanipulator (Unisense, Denmark) attached to a motor 
(Unisense, Denmark). A pH electrode (dia. 10 µm) and external reference electrode (Unisense, 
Denmark) was connected to a multi-channel pH meter and calibrated against pH 4.0, 7.0 and 
10.0 buffers. The steel coupons along with 20 mL of the liquid reactor fluid were removed 
from reactors under nitrogen and placed within Falcon tubes (50 mL) that had been prepared 
as follows: 100 mL of mineral media pH 11.0 (Section 4.2.1) was amended with Agar No. 2 
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Bacteriological (1% w/v) and heated by microwaving until the Agar had melted, followed by 
pouring 20 mL into the Falcon tubes under a nitrogen atmosphere and allowing to set at 25 ºC. 
The solidified media at the bottom of the Falcon tube provided a raised support for the steel 
coupon to allow the electrode ease of access to the steel coupon. The sealed Falcon tube 
containing the steel coupon and reactor fluid was transferred into a gas bag on a stand that was 
constantly purging with nitrogen, before being opened and profiled. Control profiles were taken 
through pH 11.0 agar. All data was recorded using the SensorTrace suite (Unisense, Denmark). 
A diagram of the experiment set-up is shown in Figure 4.12.  
4.14.2 Redox profiles 
 
Redox profiles of methanogenic and sulphate-reducing biofilms on the steel coupons was 
undertaken as described previously (Section 4.11.1 and Figure 4.12) using redox electrodes 
(dia. 20 µm) along with an external reference electrode (Unisense, Denmark). The redox 
electrode was calibrated using pH buffer solutions saturated with quinhydrone as per the 
manufacturer’s instructions.  
4.14.3 Hydrogen profiles 
 
Hydrogen profiles of methanogenic and sulphate-reducing biofilms on the steel coupons was 
undertaken as described in Section 4.11.1 and Figure 4.12 using hydrogen microsensors (dia. 
20 µm) (Unisense, Denmark). The hydrogen microsensors were calibrated to the 
manufacturer’s instructions using a calibration chamber (Unisense, Denmark). Briefly, a gas 
mixture containing 5 % H2 and 95 % N2 was bubbled through water in the calibration chamber 
for 5 minutes at a rate of 5 L min-1 to saturate the water and obtain a hydrogen partial pressure 
of 0.05 atm. Given the solubility of H2 (805 μmol/L/atm) the hydrogen-saturated water equates 
to a final hydrogen concentration of 40.25 µM. Unsaturated water was used as a zero reading. 
Hydrogen profiles of the biofilms was then undertaken as described above.  
4.15 Statistical analysis and data processing 
 
Unless otherwise stated all data was processed in Microsoft Exel and statistical analysis was 

















A number of high pH anthropogenic sites are present within the UK that enable the study of 
alkali-tolerant and alkaliphilic microbial processes. As described in Chapter 1, the presence of 
alkaline environments can be a result of natural processes, as seen within soda lakes and hot 
springs, whereas others may arise due to anthropogenic contamination (138, 255-257). A range 
of environments exist that involve the disposal of wastes associated with the historical 
manufacture of lime (CaO) and steel (258, 259). Lime manufacture in the UK dates back to the 
Roman period (260), with a range of historical sites in northern England originating from the 
17th to the 20th century (258, 261). The high pH values associated with these sites results from 
the generation of alkaline leachates due to interactions between the contaminating materials 
and localised water sources, such as rainwater or streams (154, 262). Highly alkaline 
environments resulting from the generation of calcium hydroxides have been the focus of a 
number of recent studies due to their analogy to the conditions likely to be experienced within 
the cementitious disposal concept for the UK’s intermediate level radioactive waste inventory 
(24, 143, 263). These sites consequently offer an excellent opportunity to study microbial 
processes under ILW-GDF conditions and provide a source of organisms that can be cultivated 
and studied in the laboratory.  
The data outlined in this first chapter of work aims to provide information regarding the 
microbial diversity of these alkaline environments, with emphasis on the methanogenic and 
sulphate reducing populations where possible. The presence of fermentative, methanogenic and 
sulphate reducing organisms in these sites could underpin the ability of these microbes to grow 
under ILW-GDF conditions. Sediment cores and pore-waters were retrieved from the anoxic 
zones in the near subsurface (~1 m) of these sites and cotton samples were incubated within 
the resulting boreholes to provide a cellulosic substrate for microbial colonisation and biofilm 
formation. DNA was extracted from the sediment samples and RNA was isolated from the 
cotton samples prior to the generation of cDNA to demonstrate an active community profile 
via 16S rRNA gene sequencing. The geochemistry of these sites was investigated using 
methods such as TGA, TGA-MS, IEC and ICP-MS to determine the impact these properties 
may have on the associated microbial communities. Additionally, fluorescent microscopic 
techniques and SEM were employed to visualise the formation of biofilm on the incubated 
cotton samples. To supplement the study a neutral-pH control site was also sampled for 
comparisons with the alkaline environments.  
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5.2 Site Geochemistry 
 
5.2.1 Chemical Analysis 
 
The chemical properties of the sampling sites are summarised in Table 5.1. Replicate in situ 
pH values were recorded from the pore-waters of each site to determine the intra-site and inter-
site variation. The New Lime sites were highly alkaline, with an average pore-water pH of 13.2 
(±0.3, n=3), 12.5 (±0.3, n=3) and 11.2 (±0.3, n=3) for sites B, H and T respectively. The Steel 
sites also demonstrated highly alkaline in situ pH values of 11.7 (±0.2, n=4), 11.4 (±0.3, n=3), 
12.3 (±0.1, n=5) and 11.3 (±0.2, n=3) in sites CW, CS, RC and SC respectively. However, it is 
important to note that the Steel sites are subjected to significant seasonal pH changes and when 
sampled towards the end of summer these sites demonstrated more neutral in situ pH values. 
The pore-water pH values of the Old Lime sites could not be analysed in situ as the site was 
too dry during sampling, with the Control site demonstrating neutral-pH pore-waters of 6.9 
(±0.0, n=2). The pH values recorded for the New Lime and Steel sites were higher than those 
reported for natural soda lake and ophiolite alkaline environments studied previously (138, 
144), suggesting the microbial populations within these environments could be more adapted 
to surviving under alkaline conditions.  
Interestingly, the pH values of the sediment samples were lower than those recorded for the in 
situ pore-waters, suggesting the microorganisms within these sites could be surviving in lower 
pH niches within the sediments. For the New Lime sites, the average pH of the sediments was 
12.5 (±0.4, n=3), 11.7 (±0.3, n=3) and 10.5 (±0.4, n=3) for sites B, H and T respectively. For 
the Steel sites the average sediment pH was 11.0 (±0.1, n=4), 10.1 (±0.4, n=3), 12.1 (±0.3, n=5) 
and 9.5 (±0.3, n=3) within sites CW, CS, RC and SC respectively. Although the pore-water pH 
could not be evaluated for the Old Lime sites, the sediments from these sites demonstrated 
near-neutral pH conditions, with average pH values of 7.6 (±0.2, n=5) recorded across the five 
ancient lime field kilns (site LK). The pH of the sediments from the Control site were the same 
as those recorded for the pore-waters (pH 6.9 ±0.0, n=2).  
The dissolved organic carbon (DOC) and dissolved inorganic carbon (DIC) quantities within 
the sediments from each site was analysed. The DOC and DIC levels varied significantly across 
the sampling sites, however similarities were observed within replicates from the Control, New 
Lime, Old Lime and Steel sites (Figure 5.1). The highest DOC levels were detected in the Steel 
site sediments, with an average quantity of 3764.2 (±193.2, n=4), 4077.2 (±176.7, n=3), 2311.5 
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(±375.7, n=5) and 2336.5 (±185.1, n=3) µg g-1 across sites CW, CS, RC and SC respectively. 
Lowest levels of dissolved organics were detected in the sediments from the Old Lime sites, 
with an average value of 103.4 (±49.7, n=5) µg g-1 across the five ancient lime field kilns (site 
LK). DOC quantities within the New Lime sediments fitted in between the Steel site and Old 
Lime site values, with an average quantity of 839.7 (±128.3, n=3), 1039.2 (±252.8, n=3) and 
1261.8 (±51.6, n=3) µg g-1 across sites B, H and T respectively. The determination of DOC 
across these sites suggests the steel-contaminated environments were the richest in terms of 
dissolved organic content, which could impact the associated microbial community structure 
by providing extra sources of organic carbon for metabolism (264). Previous studies have 
found a close correlation between DOC levels and the abundance of Betaproteobacteria and 
Gammaproteobacteria lineages (265). Within the present study there appeared to be a link 
between the age of the sampling sites and the levels of DOC, where the younger sites 
demonstrated higher levels of DOC compared with the older sites (Figure 5.2A). This could be 
linked to the death of peripheral vegetation that is unable to recover due to the alkaline 
conditions imposed in these sites for longer time periods.  
DIC quantities also varied across the sampling sites, although similarities were observed within 
the New Lime, Old Lime, Steel and Control sites (Table 5.1 and Figure 5.1). Highest DIC 
levels were detected in the Old Lime sites, with average values of 881.5 (±51.9, n=5) µg g-1 
across the five ancient lime kiln sediments (site LK). Steel sites had the lowest DIC levels, with 
an average of 61.0 (±41.1, n=4), 50.8 (±38.5, n=3), 51.7 (±44.3, n=5) and 64.5 (±42.7, n=3) µg 
g-1 within sites CW, CS, RC and SC respectively. New Lime sediments had average DIC levels 
of 468.3 (±99.3, n=3), 243.8 (±32.9, n=3) and 306.2 (±18.2, n=3) µg g-1 within sites B, H and 
T respectively. The high dissolved inorganic carbon levels detected in the lime-contaminated 
environments are likely to be due to the presence of calcium carbonates which dominate these 
sites (262). In similar fashion to the DOC levels, a link between the age of the site and the level 
of DIC was observed, but in this case the older sites generally had higher levels of DIC 
compared with the younger sites (Figure 5.2B). 
Acetate was detected within the sediments from all sites except the steel site SC, with highest 
levels found within the neutral-pH Control site (Table 5.1). No acetate could be detected in any 
of the pore-water samples and no volatile fatty acids (VFA’s) other than acetate were detected 
in the sediments from these sites. The detection of acetate within the sediments potentially 
suggests fermentation or homoacetogenic pathways were active in these environments despite 
the highly alkaline conditions, which indicates electron donors for downstream anaerobic 
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respiratory pathways were also available. The presence of acetate within these sites could also 
be due to the alkaline hydrolysis of cellulosic materials as opposed to the biotic generation of 
acetate through microbial action (14). Sulphate was detected within the sediments from all sites 
except the steel site SC, with elevated levels observed in the Steel site CS, indicating the 
potential for sulphate-reduction processes to be available in these environments. The alkaline 
leachates in the steel slag sites were historically treated with sulphuric acids for remediation 
purposes (266), which explains the increased levels of sulphate in site CS. Chloride was 
detected in all sites except site C and CS, with highest concentrations of nitrate detected in the 
Old Lime sites LK1-5 (Table 5.1). Chloride concentrations have been shown to impact 
microbial community structure previously (267), however the values recorded for this study 
are lower than those reported here.  
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Table 5.1 Chemical analysis of sediment samples. Chemical properties of the sampling sites, including the uncontaminated Control site (C), 
New Lime sites (B, H, T), Old Lime sites (LK) and Steel sites (CW, CS, RC, SC). Error (±) represents standard deviation.  
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Figure 5.1. Comparison of dissolved organic and inorganic carbon within the sediments from various anthropogenic alkaline sites.  
Highest levels of dissolved organic carbon were detected in the Steel sites, with the lowest observed in the Old Lime sites. Highest dissolved 





Figure 5.2. The dissolved organic and inorganic carbon content of the sediments plotted 
against the age of the New Lime, Old Lime and Steel sites. [A] Dissolved organic carbon 
levels versus age, [B] dissolved inorganic carbon levels versus age. As the age of the site 
increases, the levels of dissolved organic carbon decreases and dissolved inorganic carbon 
increases. Error bars represent standard deviation.  
5.2.2 Metal Analysis 
 
The concentration of metals within the pore-waters extracted from the New Lime (B, H, T), 
Steel (CW, CS, RC, SC) and Control (C) sites was analysed via ICP-MS (Figure 5.3). Metal 
analysis of the Old Lime sites (LK) could not be undertaken as the site was too dry to obtain 
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pore-waters. Elevated levels of aluminium, copper and barium were detected in the pore-waters 
of the New Lime site H, giving a concentration of 35.0 (n=1), 6.2 (n=1) and 6.0 (n=1) ppm 
respectively (Figure 5.3). Highest levels of iron and manganese were detected in the pore-
waters of the Steel site SC, with concentrations of 19.7 (±3.4, n=2) and 5.9 (±0.9, n=2) ppm 
respectively (Figure 5.3). The Steel site CS had the highest concentrations of lithium and 
strontium, giving concentrations of 5.7 (n=1) and 30 (n=1) ppm respectively. The Control site 
(C) had the lowest total quantities of metals present and only aluminium and manganese gave 
significant values, suggesting this site was less impacted by contamination. However, heavy 
metals Cadmium, Arsenic, Lead, Zinc and Chromium, which can be toxic to microorganisms 
(268), were absent at levels above background readings. It is possible these heavy metals are 
present in the solid-phase deposits, since they have been detected in a number of steel slag sites 
in the UK previously (266).  
Sodium concentrations were highest within the pore-waters from Steel sites SC, RC and CS, 
giving concentrations of 1403.3 (±32.3, n=2), 630 (n=1) and 260 (n=1) ppm respectively 
(Figure 5.4), suggesting these sites may be impacted by salinity, but to a much lesser degree 
than is observed within saline lakes where sodium concentrations can reach saturated levels 
(269). Previous studies have suggested sodium content can be an important driver of microbial 
community composition in soils (270) and methylotrophic methanogenesis seems to be 
important within soda lake environments where in situ sodium concentrations are high (73). 
Therefore, the detection of sodium within the pore-waters of the Steel sites could impact the 
associated methanogen community. Previous authors investigating the microbial community 
structure along a metal pollution gradient found that pH and organic matter content was a more 










Figure 5.4. Sodium and magnesium concentrations in the pore-waters of various 
anthropogenic sites. Error bars represent standard deviation.  
 
5.2.3 Thermogravimetric Analysis 
 
TGA is a thermoanalytical technique used to monitor the stability of materials by recording 
changes in mass as a function of temperature. As material degrades under the influence of 
heating, mass losses are observed as any gaseous products are released. The loss of gaseous 
products gives characteristic steps in profiles known as thermograms (272). TGA was carried 
out on the sediment samples extracted from the anthropogenic alkaline sites. The aim of these 
experiments was to compare the various levels of free water, assumed organic content and 
inorganic content across the sampling sites, through comparisons of mass losses over specified 
temperatures ranges. At least duplicate experiments were performed wherever possible. 
Thermograms are presented in Figure 5.5 and Figures S5.1 - S5.4. All samples analysed 
exhibited an initial mass loss from the onset of heating which varied between 19.7% and 68.8%. 
This has been attributed to the dehydration of the soil both in terms of removal of excessive 
water and potential hydrate drying which typically concluded by 130 °C and returned to a stable 
baseline. The second mass loss stage is observed over a range of 150 to 650 °C. The broad 
range is likely to be comprised of several overlapping mass loss events, which is assumed to 
be due to the decomposition of organic material (273). Due to the inert atmosphere mass loss 
processes are pyrolytic and organic decompositions observed on the TGA are broadened 
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through being starved of oxygen. The final mass loss stage, above 650 ºC has been assigned to 
the decomposition of inorganic matter present. Typical types of inorganics that could 
decompose are carbonates which yield CO2 to form the corresponding oxide. Since the sites 
studied here are calcium dominated (274), it is likely that CaCO3 is decomposing to CaO in the 
final mass loss event. The remainder of the material is deemed thermally stable up to 1000 ºC.  
The mass losses recorded for all the samples tested are given in Table 5.2, which demonstrated 
good reproducibility across replicates, however the table highlights large differences between 
the sediments taken from different sites. The levels of solid organic material within the 
sediments from all sites were very similar, although the New Lime site B sediments had slightly 
elevated levels (4.4 %) compared with the Steel site CS, which had the lowest quantities of 
solid organics (1.8 %). However, the percentage of inorganic material within the sediments 
varied significantly across the sampling sites. The highest levels of solid inorganic materials 
were detected in the New Lime site T sediments (35.3 %) and lowest levels detected in the 
Steel site SC (4.1 %). The sediments from the Steel sites CS and RC also had elevated levels 
of solid inorganic material present, which represented 20.1 % and 21.2 % of the total material 
respectively.  
Table 5.2. Composition of sediment samples from various anthropogenic alkaline sites 
obtained through TGA. Shows percentage of water, organic material, inorganic material 
and remaining ash based on mass loss after exposure to increasing temperatures (25-1000 
ºC). Percentage errors are calculated from duplicate experiments.  
 
Site  Water 
(%) 






4.4 (±0.1) 8.3 (±0.04) 80.1 (±2.2) 19.9 (±2.2) 
H 52.1 
(±2.8) 
2.4 (±0.5) 13.5 (±0.3) 68.1 (±3.0) 31.9 (±3.0) 
T 33.1 
(±0.3) 
2.7 (±0.2) 35.3 (±0.0) 71.1 (±0.07) 28.9 (±0.07) 
CW 55.2 
(±0.7) 
2.0 (±0.007) 9.0 (±0.0) 66.2 (±0.7) 33.8 (±0.7) 
CS 43.1 
(±13.6) 
1.8 (±0.5) 20.1 (±6.0) 65.0 (±7.1) 35.0 (±7.1) 
RC 41.6 
(±1.5) 
2.2 (±0.2) 21.2 (±0.4) 65.0 (±1.4) 35.0 (±1.4) 
SC 25.9 
(±5.6) 




Figure 5.5. Thermal analysis of sediment samples acquired from the Steel site SC. Showing mass loss of the sediments with increasing 
temperature, indicating water loss (25-130 ºC), organic content loss (130-650 ºC) and inorganic content loss (>650ºC). The remaining ash is 




5.2.4 Thermogravimetric Analysis coupled with Mass Spectrometry 
 
TGA-MS methods were also applied to the sediment samples in order to identify the chemical 
species present during the mass losses observed in the previous TGA runs mentioned in Section 
5.3.3. For these experiments samples were dried and sieved to eliminate large particulates 
(stones and plant matter) and excessive surface moisture that could obscure the measurements. 
To aid with resolution between the organic and inorganic mass losses, the atmosphere was 
changed to an oxidative one to ensure complete oxidation of the sample. The generation of CO2 
due to the degradation of organic and inorganic material was measured via mass spectrometry 
and adds confidence to the measurements outlined in Section 5.3.3.  
The neutral-pH uncontaminated Control sediments were predominantly composed of organic 
material, indicated by the significant increase in the amount of observed CO2 between 200 and 
400 ºC that coincided with a large mass loss (Figure 5.6A), with very little CO2 generation and 
mass loss observed at >600 ºC. In contrast, the alkaline sediment samples were largely 
composed of inorganic material indicated by the generation of CO2 at temperatures above 600 
ºC and consequent mass losses (Figure 5.6B-H), although the Steel site CS was more 
comparable with the Control samples and was richer in organic material (Figure 5.6F). 
Differences were observed between New Lime and Steel samples, with site B and T (New 
Lime) being heavily composed of inorganic material (Figure 5.6BD) and sites CW, CS, RC 
and SC (Steel) containing a higher proportion of organics (Figure 5.6E-H). Although TGA has 
been used to analyse the properties of soil samples previously (273, 275), little is known about 
the impact these properties may have on the associated microbial communities. The extremely 
low levels of organic material within the sediments from the lime-contaminated sites 
(particularly sites B and T) could infer that the associated microbial community will have a 
limited amount of organic matter for fermentation processes which could have an impact on 
downstream anaerobic respiratory processes. This fact could also give autotrophic processes, 
such as hydrogenotrophic methanogenesis, an advantage in this environment due to the 
increased levels of inorganic carbon present. Further work is required to confirm the identity 
of the species present in both organic and inorganic phases. Instruments such as FTIR, XRD, 
along with a history of the area from where the sample was extracted will provide better identity 
for the unknown compounds present in the soil. Further analysis of these samples is beyond 




Figure 5.6. Thermal gravimetric analysis coupled to mass spectrometry of soil samples 
from anthropogenic alkaline sites. [A] Uncontaminated Control site C, [B] Site B, [C] Site 
H, [D] Site T, [E] Site CW, [F] Site CS, [G] Site RC, [H] Site SC.   
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5.3 Microbial Community Analysis 
 
5.3.1 DNA Sequencing 
 
5.3.1.1 Phylum-level composition of background and alkaline sediments 
 
Background sediments from non-contaminated regions of the sites which were not impacted 
by alkaline conditions were selected for microbiome analysis for a comparison with the 
contaminated (alkaline) regions. These background sediments had the same parent soil material 
as the contaminated regions but were not in contact with the alkaline leachates. Total gDNA 
was extracted from the background and alkaline sediments for analysis of the 16S rRNA genes 
via the Illumina MiSeq platform. The background sediment communities from the New Lime, 
Old Lime, Steel and Control sites had a very similar composition at the phylum taxonomic 
level (Figure 5.7), with all samples dominated by Proteobacteria, Bacteroidetes, Actinobacteria 
and Acidobacteria lineages. These phyla have been implicated as the dominant microbes in a 
wide-range of neutral-pH environments previously, including cave sediments (276), freshwater 
sediments (277) and intertidal sediments (278). Members of the Firmicutes were under-
represented in the background samples and could only be detected with any significance from 
the Old Lime sites (LK) and Steel sites (CW, RC and SC) where they were present in low 
abundance (Figure 5.7). Alongside the dominant phyla discussed above, small percentages of 
16S rRNA gene reads were attributed to the Chloroflexi, Gemmatimonadetes, Nitrospirae and 
Planctomycetes lineages within all background sediment samples (Figure 5.7).  
Despite the highly alkaline in situ conditions (Section 5.3.1), microbial community analysis of 
the contaminated alkaline sediments revealed a diverse microbial population at the phylum 
taxonomic level (Figure 5.8). In similar fashion to the background samples, the Proteobacteria 
phylum dominated in the alkaline sediments, however a noticeable increase in the percentage 
of 16S rRNA gene reads attributed to the Firmicutes and Bacteroidetes lineages was observed 
(Figure 5.8). The increased abundance of Firmicutes and Bacteroidetes resulted in a decrease 
in the percentage of Acidobacteria 16S rRNA gene reads within the alkaline sediments (Figure 
5.8). Both Proteobacteria and Firmicutes lineages have been observed to dominate highly 
alkaline (pH 10.8) and saline ponds in Poland previously (279). Firmicutes lineages have been 
detected in alkaline ISA-degrading microcosms previously where they contributed to 
fermentation processes (23, 24). The detection of fermentative species within the alkaline 
sediments suggests fermentation end-products are available for consumption by methanogenic 
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or sulphate reducing communities within these environments. The increased detection of the 
Firmicutes phylum within the alkaline sediments could be attributed to their ability to form 
spores (280), which could be advantageous to their survival within these environments.  
Principal components analysis (PCA) was carried out on the background and alkaline sediment 
communities at the phylum level with a 95 % confidence interval to ascertain the statistical 
differences between the populations within these environments. The background sediments 
from the New Lime, Old Lime and Control sites clustered very closely together (Figure 5.9A), 
indicating the background communities were very similar at the phylum level regardless of the 
sampling site, although Steel site background sediments had a much wider distribution. The 
similarities observed across the non-contaminated background microbiomes is perhaps 
expected given that these samples were taken from geographically comparable environments 
in the North of England. The phylum-level composition of the alkaline sediments from New 
Lime, Old Lime and Steel sites were significantly different when compared with the neutral-
pH Control sediments (Figure 5.9B), suggesting that pH was an important environmental factor 
driving microbial community structure in these sites. Significant differences were also revealed 
between the communities within the contaminated regions and the background regions of these 
sites (Figure 5.9C), where background communities clustered very closely together and the 
contaminated regions had a much wider distribution. The differences between individual phyla 
within the background and alkaline sediments was further analysed with the use of heat maps. 
The heat maps confirmed the increased abundance of Firmicutes lineages within the alkaline 
sediments compared to the background sediments (Figure 5.10). Additionally, members of the 
Tenericutes, Bathyarchaeota, Fusobacteria and Euryarchaeota phyla increased in abundance 
within the alkaline contaminated sediments (Figure 5.10), particularly within the Steel sites, 
where increased levels of organic materials were detected (Section 5.3.1 and 5.3.4). Since the 
methanogen-containing phylum Euryarchaeota increased in abundance within the 
contaminated regions of some of these sites, this could suggest methanogens were more 




Figure 5.7. Phylum-level composition of background sediments. Shows phylum-level composition of background sediments from Control 




Figure 5.8. Phylum-level composition of alkaline contaminated sediments. Shows phylum-level composition of the alkaline contaminated 




Figure 5.9. Principal components analysis of background sediments and alkaline 
sediments at the phylum level. [A] PCA of background sediments, [B] PCA of alkaline 




Figure 5.10. Heat maps comparing background and alkaline sediment communities at the phylum level from the Control, New Lime, Old 
Lime and Steel sites. 
115 
 
5.3.1.2 Genus-level bacterial composition of the alkaline sediments 
 
The dominant genera within the alkaline sediments were analysed in more detail, since phylum-
level analysis can only provide a limited amount of information regarding the microbial 
community. Within the New Lime sites the genera Terrimicrobium and Bradyrhizobium 
dominated the site B contaminated sediments, and represented 2.6 % and 1.8 % of the total 16S 
rRNA gene reads respectively (Table S5.1). The genus Methyloceanibacter also appeared to 
be important within the alkaline site B sediments, where they represented 1.2 % of the total 
16S rRNA gene reads. The genus Methyloceanibacter are capable of oxidising methane as the 
sole carbon and energy source (281), which suggests methane was being generated in situ 
within this site. The nitrate-reducing bacterium Geofilum and hydrogen-oxidising bacterium 
Hydrogenophaga dominated the site H alkaline sediments, representing 20.6 % and 3.9 % of 
the total 16S rRNA gene reads respectively (Table S5.2). The detection of Hydrogenophaga 
species within the alkaline sediments from site H suggests hydrogen is available in this 
environment for use within anaerobic respiratory processes (282). Additionally, alkali-tolerant 
species of the genus Geofilum have demonstrated growth up to pH 9.8 in pure culture 
previously (283). Azonexus was an important genus in the alkaline sediments of site H and 
represented 1.6 % of the total 16S rRNA gene reads (Table S5.2), with alkali-tolerant members 
of this genus being isolated previously from lime-contaminated environments that were capable 
of nitrate reduction (284). Significant quantities of nitrate were detected in this site (Table 5.1) 
which could give the nitrate-reducing Azonexus genera a survival advantage in this 
environment. None of the dominant genera within the site T alkaline sediments could be 
identified with confidence, since the majority of detected species had <90 % 16S rRNA gene 
sequence similarity to any previously sequenced microbes (Table S5.3).  
The genus Hydrogenophaga also dominated within all of the Steel site alkaline sediments, 
where they represented 4.2 %, 5.6 % and 2.4 % of the total 16S rRNA gene reads at sites CW, 
CS and SC respectively (Tables S5.4, S5.5 and S5.7). The degradation of cellulose and 
cellulose degradation products (CDP) within these environments appears to result in the 
generation of hydrogen which can be subsequently utilised by hydrogenotrophic 
microorganisms, evidenced by the abundance of Proteobacteria in these sites, and in particular 
Hydrogenophaga species. Hydrogenophaga species have been detected in a number of natural 
alkaline environments previously, including the Leka Ophiolite complex in Norway and the 
Allas Springs in Cyprus (135, 143). The genus Shewanella was the dominant genus within the 
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alkaline sediments of the Steel site RC and represented 10.7 % of the total 16S rRNA gene 
reads (Table S5.6). Reports of alkaliphilic members of this genus are present in the literature, 
including Shewanella chilikensis which is capable of growth up to pH 10.0 in pure culture 
(285). Additionally, Shewanella oneidensis is capable of hydrogen sulphide production, which 
suggests sulphidogenic processes could be ongoing within the Steel site RC. The genus 
Methylotenera was detected within the Steel site CS alkaline sediments and represented 1.3 % 
of the total 16S rRNA gene reads (Table S5.5). The species Methylotenera mobilis is capable 
of utilising methylamines as sole carbon and nitrogen source (286), therefore the detection of 
this genus within the Steel sites suggests methylamines were available for consumption by 
methylotrophic methanogens. The sulphur-reducing bacterium Desulfuromonas was an 
important genus within the alkaline sediments from the Steel site SC and represented 2.8 % of 
the total 16S rRNA gene reads (Table S5.7). Species relating to this genus have demonstrated 
hydrogen sulphide production (287), suggesting sulphidogenic processes were ongoing in this 
site. Additionally, the dissimilatory sulphate reducing bacterium Desulfomicrobium 
represented 1.2 % of the total 16S rRNA gene reads within the Steel site SC (Table S5.7) (288), 
suggesting further sulphidogenic processes were present in this site which again has be 
attributed to the treatment of these leachates with sulphuric acid resulting in the generation of 
metal sulphates (266). 
5.3.1.3 Genus-level archaeal composition of the alkaline sediments 
The percentage of 16S rRNA gene reads attributed to the methanogen-containing phylum 
Euryarchaeota was <1.0 % within all sites, except for the Steel site CW, where they represented 
3.0 % of the total 16S rRNA gene reads and no methanogens could be detected in the alkaline 
sediments of the New Lime site H and Steel site SC (Figure 5.11). This suggests the 
methanogen population represented only a minority of the overall microbial community in 
these environments. However, in the sites where methanogens could be detected a diverse 
community was present, where a total of 23 different genera were identified (Figure 5.11). The 
New Lime (B and T) and Old Lime (LK) sites were the least diverse in terms of methanogens, 
where the strictly hydrogenotrophic genera Methanobacterium and Methanothermococcus 
dominated. The genus Methanobacterium represented 66.7 %, 19.4 % and 80.8 % of the total 
archaea 16S rRNA gene reads in sites B, T and LK respectively (Figure 5.11). In contrast, the 
Steel sites and Control site which contained higher levels of organics had a highly diverse 
methanogen community composed of genera capable of all three methanogenic pathways 
(Figure 5.11). The strictly acetoclastic genus Methanosaeta dominated the neutral-pH Control 
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site and was also present with varying abundance in the Steel sites. Methanosaeta represented 
58.8 %, 50.2 %, 25.9 % and 19.2 % of the total methanogen 16S rRNA gene reads in sites C, 
CW, CS and RC respectively (Figure 5.11). The metabolically diverse genus Methanosarcina, 
which have the potential to use all three methanogenic pathways, represented 1.2 %, 3.3 %, 
37.9 % and 52.1 % of the total methanogen 16S rRNA gene reads in sites C, CW, CS and RC 
respectively (Figure 5.11).  Methylotrophic methanogens, including Methanomassiliicoccus 
and Methanomethylovorans were only present in the Control site and to a lesser extent in the 
Steel sites. The genus Methanomassiliicoccus represented 13.2 %, 12.7 % and 4.9 % of the 
total methanogen 16S rRNA gene reads in sites C, CW and CS respectively (Figure 5.11), with 
the genus Methanomethylovorans representing <1 % of the reads in the same sites.  
The percentage of acetoclastic, hydrogenotrophic, methylotrophic and metabolically diverse 
methanogens was calculated based on the percentage of 16S rRNA gene reads for these 
organisms (Figure 5.12A). These calculations suggest the Control site and Steel sites were 
composed of methanogenic communities capable of all three methanogenic pathways (Figure 
5.12A). In contrast, the New Lime and Old Lime alkaline sediments only harboured 
hydrogenotrophic methanogens. The lack of acetoclastic methanogen lineages within the New 
Lime and Old Lime sites correlated weakly with the levels of DOC in these sites, where the 
sites with higher levels of DOC generally contained a higher proportion of acetoclasts (R2 = 
0.4247) (Figure 5.12B). A weak correlation was also observed based on the proportion of 
hydrogenotrophs and levels of DIC, where an increase in DIC generally saw an increase in 
hydrogenotrophic species (R2 = 0.5853) (Figure 5.12C). Increased levels of DIC in these sites 
could provide autotrophic processes with an advantage and result in the domination of 
hydrogenotrophic methanogens, since these organisms are able to metabolise inorganic forms 
of carbon, such as CO2 and HCO3
- (75). Previous studies have observed a link between organic 
carbon levels and acetoclastic methanogenesis, for example acetate-dependent methane 
generation only became important in the organic-rich zones of marine sediments (72), and the 
addition of organic carbon in the form of rice straw stimulated acetate-derived methanogenesis 
through changes in the bacterial community structure in microcosm experiments (86). 
However, the similarities observed between the neutral-pH Control site and Steel site 
methanogen communities could also be a result of the seasonal pH variation observed within 
the Steel sites, which demonstrate neutral-pH in situ conditions during the late summer seasons. 
Therefore, the establishment of acetoclastic methanogen communities within these sites could 




Figure 5.11. Genus-level composition of methanogens within the alkaline sediments from various anthropogenic alkaline sites, alongside 
the neutral-pH control site. Shows genus-level composition of methanogens within Control (site C), New Lime (sites B, H, T), Old Lime (site 




Figure 5.12. Proportion of methanogenic pathways in the alkaline sediments from various anthropogenic alkaline sites based on 16S rRNA 
gene counts and correlation between levels of dissolved organic/inorganic carbon and proportion of acetoclastic/hydrogenotrophic 
methanogens. [A] Methanogens capable of all three pathways were detected in the Control site and Steel sites (CW, CS, RC) and only 
hydrogenotrophic genera could be identified within the New Lime and Old Lime sites (B, H, T, LK). [B and C] The levels of DOC and DIC 
correlated weakly with the proportion of acetoclastic and hydrogenotrophic methanogen 16S rRNA gene reads. 
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5.3.1.4 Diversity of sulphate reducing bacteria in background and alkaline sediments 
 
The genus-level composition of SRB within the background and contaminated soils were 
analysed in order to highlight any differences between the neutral and alkaline regions of the 
sites (Figure 5.13). The average percentage of 16S rRNA gene reads attributed to SRB within 
the background samples from Control, New Lime, Old Lime and Steel sites was 8.6x10-3 % 
(±0.01 n=4), 0.020% (±0.01 n=14), 0.051% (±0.04 n=2) and 1.43% (±1.38 n=4) respectively, 
suggesting SRB were the less abundant members of the total bacterial community within the 
background soils. Interestingly, the total percentage of 16S rRNA gene reads attributed to SRB 
increased within the contaminated regions to 2.72% (±0.23 n=4), 0.05% (±0.02 n=3), 0.03% 
(±0.02 n=5) and 1.70% (±2.13 n=15) within Control, New Lime, Old Lime and Steel sites 
respectively. This potentially suggests more SRB were present in the alkaline contaminated 
regions of the sites compared to the neutral-pH background areas, however many SRB are 
spore-formers (289-291) and DNA sequencing does not represent an active community profile 
which could be obscuring this finding. The increased abundance of SRB detected within the 
Steel sites could be a result of the increased DOC levels in these sites as described in Section 
5.3.1 and high organic content of the soil measured via TGA-MS in Section 5.3.4. SRB are 
capable of utilising a wide-range of organic electron donors, including acetate, lactate, 
propionate and free amino acids (292-294). High DOC and organic soil content could indicate 
that a wider range of electron donors are present and thereby increase SRB numbers in that 
environment. The increased detection of the Firmicutes within the contaminated sediments 
(Section 5.4.1, Figure 5.13) could also be resulting in higher numbers of SRB through 
syntrophic interactions, since many species of Firmicutes are capable of fermentative 
metabolism (280).  
The majority of SRB 16S rRNA gene reads could not be identified with confidence at the 
genus-level (Figure 5.13), particularly within the background samples, potentially suggesting 
the sites studied here contain novel SRB that could be targeted for future studies. Within the 
background samples no clear correlation between sampling sites and SRB could be found. 
Background samples from Control, New Lime and Old Lime sites were particularly sparse in 
terms of SRB 16S reads. However, Steel site background soils were rich in SRB and 23 
different genera were detected, the most important of which included Desulforhopalus, 
Desulfatiglans, Desulfatitalea, Desulfobacterium, Desulfobulbus, Desulfoprunumand 
Desulfuromonas. Species relating to these genera have been isolated previously from estuaries 
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(36), marine sediments (37, 38), tidal flat sediment (39), sewage sludge digesters (40), 
wastewater treatment plants (41) and freshwater sediments (42). Although the majority of SRB 
within the alkaline sediments could not be identified at the genus level with confidence (Figure 
5.14), an even more diverse sulphate reducing community was detected in these environments 
compared to the background zones, particularly within the Steel sites and Control site where 
levels of organics were higher. Principal components analysis comparing the genus-level SRB 
communities in the background and alkaline sediments confirmed their increased diversity in 
the contaminated zones of the sites (Figure 5.15). The alkaline sediments had a much wider 
distribution compared with the background sediments, which clustered very closely together. 
This suggests the contaminating materials deposited in these sites were broadening the 
diversity of SRB communities at the genus level in these environments. The high pH conditions 
of these sites could be resulting in the alkaline hydrolysis of organic materials present, thereby 
releasing soluble forms of organic carbon into these environments and enabling the 




Figure 5.13. Genus-level composition of sulphate reducing bacteria in the background sediments. Genus-level composition of SRB in the 






Figure 5.14. Genus-level composition of sulphate reducing bacteria in the alkaline contaminated sediments. Genus-level composition of 




Figure 5.15. Principal components analysis comparing the genus-level composition of 
SRB within the background and alkaline sediments, from Control, New Lime, Old Lime 
and Steel sites.  
5.3.2 cDNA Sequencing 
 
Difficulties arise when trying to distinguish between active and dormant microbial populations 
based on DNA sequencing. It has been estimated that 20-80% of cells in aquatic and terrestrial 
environments are dormant and do not contribute to biological processes in their surroundings 
(295). The extraction of RNA from environmental samples, followed by the generation and 
sequencing of cDNA is a potential approach for providing an active community profile, since 
only actively metabolising cells are capable of synthesising RNA. RNA was extracted from the 
incubated cotton samples and used as a template for the generation of cDNA followed by 
sequencing of the 16S rRNA gene in order to demonstrate an active community profile of these 
alkaline environments. The Old Lime sites (LK) and Control site are not included in the present 




5.3.2.1 Phylum-level composition of cotton samples 
 
In similar fashion to the alkaline sediments, the cotton samples were dominated by lineages 
related to the Proteobacteria phylum (Figure 5.16AB). However, the input of organic carbon 
in the form of cellulose into these environments resulted in the enrichment of fermentative 
lineages related to the Firmicutes phylum, which were generally detected in higher proportions 
on the cotton compared to the alkaline sediments (Figure 5.16AB). Although absent from the 
alkaline sediment communities, the phylum Fibrobacteres were present in significant 
proportions on the cotton samples, particularly within the Steel sites (Figure 5.16). The phylum 
Fibrobacteres represented 4.1 %, 4.4 %, 10.7 % and 18.0 % of the total 16S rRNA gene reads 
on the cotton from sites T, CW, CS and SC respectively (Figure 5.16). The increased detection 
of this phylum on the cotton is perhaps not surprising, given these organisms are implicated in 
cellulose degradation processes (296) and this is the first account of cellulose degradation by 
the phylum Fibrobacteres under alkaline conditions. The fact that Fibrobacteres lineages were 
largely absent from the alkaline sediments, yet dominated on the cotton samples suggests the 
incubation of cotton within these sites resulted in the enrichment of cellulose degrading 
bacteria, despite the harsh in situ pH values observed in these environments.  
A small amount of overlap was observed via PCA between alkaline sediments and cotton 
samples at the phylum level (Figure 5.16C), suggesting a proportion of the phyla within these 
samples were similar. However, the alkaline sediments were more widely distributed compared 
with the cotton samples, which clustered more closely together (Figure 5.16C). This suggests 
the input of cotton into these sites resulted in the enrichment of a narrower niche of organisms, 




Figure 5.16. Phylum-level composition of alkaline sediments and cotton samples from various anthropogenic alongside principal 
components analysis of the sediments vs the cotton samples. [A] Phylum-level composition of alkaline sediments, [B] phylum-level 
composition of cotton samples, [C] principal components analysis of alkaline sediments and cotton samples. 
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5.3.2.2 Genus-level archaeal analysis of cotton samples 
 
The methanogen community of the cotton samples based on cDNA sequencing had a different 
composition compared with the alkaline sediment samples based on DNA sequencing (Figure 
5.17AB). In contrast to the alkaline sediments, the strictly hydrogenotrophic genera 
Methanoregula, Methanoculleus and Methanospirillium dominated the cotton samples at all 
sites (Figure 5.17AB). The genus Methanoregula represented 100 %, 33.3 %, 54.7 %, 72.3 % 
and 3.3 % of the total methanogen 16S rRNA gene reads from sites B, H, T, CW and CS 
respectively (Figure 5.17B). The genus Methanoculleus dominated the site T cotton samples, 
where 66.7 % of the total methanogen 16S rRNA gene reads were attributed to this organism 
(Figure 5.17B). Methanospirillium represented 4.7 %, 25.5 %, 91.1 % and 96.7 % of the total 
methanogen 16S rRNA gene reads from sites T, CW, CS and SC respectively (Figure 5.17B). 
The strictly acetoclastic genus Methanosaeta was only present in low abundance in sites T and 
CS, representing 17.2 % and 0.3 % of the total methanogen 16S rRNA gene reads respectively 
(Figure 5.14). The metabolically diverse genus Methanosarcina was also present in low 
abundance in sites T, CW, CS and SC, representing 20.3 %, 1.1 %, 5.3 % and 0.2 % of the total 
methanogen 16S rRNA gene reads respectively. In similar fashion to the bacterial cotton 
communities (Section 5.4.2.1) the incubation of cotton within these sites resulted in the 
enrichment of a narrow niche of archaea. This was illustrated by PCA where the methanogen 
communities on the cotton clustered very closely together regardless of the sampling site 
(Figure 5.17C). In contrast, the methanogen communities in the alkaline sediments had a much 
wider distribution (Figure 5.17C), suggesting the incubated cotton samples were selecting for 
a specific methanogen population.  
Although methanogens capable of utilising all three pathways were detected in the alkaline 
sediments (Figure 5.18A), the cotton samples were dominated by hydrogenotrophs regardless 
of the sampling site (Figure 5.18B). The lower abundance of acetoclastic and methylotrophic 
species detected on the cotton compared with the alkaline sediments based on cDNA 
sequencing suggests the active methanogen population in these sites are contributing 
predominantly to hydrogenotrophic methane generation (Figure 5.18AB). The input of a 
cellulosic substrate into an alkaline environment, as is expected to be the case within an ILW-





Figure 5.17. Genus-level methanogen community composition of alkaline sediments and cotton samples. Also showing PCA comparing 
genus-level methanogen communities within cotton samples and alkaline sediments. [A] Genus-level methanogen composition of alkaline 





Figure 5.18. Proportion of acetoclastic, hydrogenotrophic, methylotrophic and 
metabolically diverse methanogens within the alkaline sediments and cotton samples. 
[A] Methanogenic pathways present within the alkaline sediments, [B] methanogenic 
pathways present on the cotton samples.  
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5.3.2.3 Diversity of sulphate reducing bacteria on the cotton samples 
 
In addition to the active methanogenic population present on the cotton samples, an active 
sulphate reducing community was also detected on these samples via cDNA sequencing. 
Although the percentage of 16S rRNA gene reads attributed to SRB was <1 % within the lime-
contaminated sites, the cotton samples taken from Steel sites CS and SC were dominated by 
SRB, where they represented 19.0 % and 6.0 % of the total 16S rRNA gene reads respectively 
(Figure 5.19). The elevated levels of sulphate detected in the Steel site CS (Table 5.1) resulted 
in the dominance of SRB on the cotton in this environment. Within the sites where SRB were 
abundant, the genera Desulfobulbus, Desulfobacter and Desulforhopalus were the most 
dominant (Figure 5.19B). The genus Desulfobulbus has been implicated in bio-corrosion 
processes previously (297). Additionally, a number of species relating to the genus 
Desulfobacter have been identified as strictly acetate-oxidising SRB (298), therefore the 
detection of this genus on the cotton samples suggests sulphate reduction is competing with 
methanogenesis for acetate. The competition for acetate between SRB and methanogens could 
explain the lack of acetoclastic methanogens detected on the cotton samples as described in 
Section 5.4.2.2, and may be resulting in the domination of hydrogenotrophic species in these 
environments. Previous authors have suggested sulphate reduction can thermodynamically 
inhibit methanogenesis when sulphate is abundant (72), however these processes can also co-
exist in the present of non-competitive substrates, such as methylamines (40).  
As observed with the archaeal community analysis (Section 5.4.2.2), the incubation of cellulose 
within these sites appeared to select for a more narrow and less diverse sulphate reducing 
community. This was revealed by PCA, where the SRB communities on the cotton clustered 
closely together compared with the SRB sediment communities, which generally had a more 
diverse and wider distribution, even though a small amount of overlap was observed (Figure 
5.19C). The use of molecular methods to characterise the methanogenic and sulphate reducing 
communities in these environments could help to reduce the bias associated with direct 
culturing methods. However, it is important to note that the communities analysed here were 
from near-subsurface environments (~1 m deep) and therefore do not represent deep subsurface 
populations, such as those likely to be encountered within an ILW-GDF, which could be 




Figure 5.19. Genus-level composition of sulphate reducing bacteria within the alkaline sediments and cotton samples, alongside 
principal components analysis comparing the SRB sediment and cotton communities. [A] Genus-level composition of SRB within the 
alkaline sediments, [B] genus-level composition of SRB on the cotton, [C] principal components analysis comparing the differences between 





5.4.1 Scanning Electron Microscopy 
 
The formation of biofilm on the incubated cotton samples was analysed via SEM. All cotton 
samples were colonised by microbial cells embedded in extracellular polymers when compared 
with abiotic samples, indicating biofilm was being formed in situ within these sites (Figure 
5.20). In some cases the cotton fibres appeared to be visually degraded, indicated by the 
perforated edges of the fibres when compared to abiotic samples (Figure 5.20C). The 
degradation of the cotton samples could be a result of alkaline cellulose hydrolysis or due to 
the activity of cellulose-degrading bacteria. Since a significant proportion of bacteria on the 
cotton samples were cellulose-degraders, including the Fibrobacteres and Firmicutes lineages 
(Section 5.4.2), it is likely that microbial activity is contributing to cellulose degradation in 
these environments. Cotton samples taken from the New Lime sites appeared to contain a 
number of mineral structures that had sharper edges than would be expected from microbial 
biofilms (Figure 5.20D), potentially suggesting calcium carbonates are being incorporated into 
the biofilm materials.  
SEM-EDS was employed to determine the elemental composition of the biofilms formed on 
the cotton (Figure 5.21). Calcium, carbon and oxygen were the dominant elements present on 
all analysed cotton samples compared with abiotic controls, potentially suggesting that calcium 
carbonate was precipitating on the biofilm surfaces, although SEM-EDS can only provide 
information regarding individual elements and not compounds. The potential detection of 
calcium carbonate minerals in the biofilm could provide autotrophic methanogens with 
substrate for metabolism as described previously under neutral-pH conditions (236). 
Furthermore, the presence of calcium carbonate in the biofilm could give hydrogenotrophic 
methanogens an advantage in these environments and result in a lower contribution of 
acetoclastic methanogenesis, as described in Section 5.3.2.2. Since calcium can co-precipitate 
with radioelements (299), the precipitation of calcium carbonate has importance when 
determining the performance of an ILW-GDF (300). The carbonation of NRVB can impact the 
surface chemistry and porosity of the backfilling material and result in the build-up of gases 






Figure 5.20. Scanning electron micrographs of cotton samples retrieved from various 
anthropogenic alkaline sites after 3 months incubation. [A] Abiotic cotton, [B] biotic 
cotton from the Steel site SC biofilm, [C] biotic cotton from the Steel site SC showing 
potential degradation, [D] biotic cotton from the New Lime site T, showing potential 





Figure 5.21. SEM-EDS of cotton samples showing elemental composition of the biofilm 
materials. [A] Abiotic cotton, [B] biotic cotton from Steel site SC, [C] biotic cotton from 




5.4.3 Confocal Laser Scanning Microscopy 
 
The biofilm materials detected on the cotton samples via SEM were subsequently analysed 
using fluorescence microscopy with the use of CLSM. Significant auto-fluorescence was 
observed from the polysaccharide component when viewing the abiotic control cotton and 
therefore was not included as a potential component of the biofilm matrix (Figure 5.22B). 
However, a range of EPS components were detected on the biotic cotton samples that were not 
present on the abiotic samples, including lipids, sugars, protein, eDNA and cells (Figure 5.22C-
F). The edges of the cotton fibres in some cases were lined with sugars (Figure 5.22CD), which 
could indicate cellulose was being degraded to simple monomeric sugar residues by the 
associated microbial community, such as the Fibrobacteres and Firmicutes lineages and 
provides a further indication that microbial activity is contributing to the degradation of 
cellulose, rather than alkaline chemical hydrolysis pathways. Within the sites that contained 
the highest in situ pH values, the biofilm appeared to be predominantly composed of lipids 
(Figure 5.22EF). The higher lipid content of these biofilms could be contributing to their 
hydrophobicity, which not only improves microbial attachment to the cotton surface (158), but 
also reduces the impact of the alkaline pore-waters by reducing wetting (301). The production 
of lipid-based EPS can also result in the generation of low pH niches due to the presence of 
acidic phospholipids, such as those produced in alkaliphilic bacteria (133). The negative charge 
produced by the eDNA component of the biofilms could be resulting in the binding of Ca2+ 
ions to the EPS matrix, which can in turn enhance the structural properties of the biofilm as 
described previously (302). 
The formation of biofilm on the cotton suggests the organisms were not surviving under in situ 
pH conditions within these sites. As described previously biofilm formation can facilitate 
microbial survival through the production of low pH niches that can improve microbial activity 
(125). Therefore, the methanogenic and sulphate-reducing activity detected in these 
environments using molecular methods (Section 5.3) may be due to the generation of low pH 





Figure 5.22. CLSM investigation of cellulose cotton samples. [A] SEM of abiotic cotton, 
[B] auto-fluorescence control of abiotic cotton, [C] site CW cotton, [D] site B cotton, [E] site 
H cotton, [F] site RC cotton. Showing protein (green), lipids and hydrophobic sites (yellow), 





Anthropogenic alkaline environments, such as the lime-waste and steel-waste disposal sites 
studied here, represent some of the least studied systems in terms of microbial diversity, 
therefore a better understanding of the microbiology in these sites could provide an insight into 
the evolution of microbial communities within an ILW-GDF. The detection of methanogenic 
and sulphate reducing communities within these anthropogenic sites using RNA as a template 
for 16S rRNA gene sequencing underpins the ability of these microbes to survive and grow 
within an ILW-GDF. The input of cellulose into these sites simulates some aspects of ILW 
disposal, where cellulosic substrates will be placed within a highly alkaline and anaerobic 
environment.  
A diverse and active anaerobic microbial community was present in these sites despite the 
extreme environmental conditions, capable of processes including cellulose degradation, 
fermentation, sulphate reduction and methanogenesis. The detection of cellulose-degrading 
bacteria based on cDNA sequencing, including lineages relating to the phylum Fibrobacteres, 
underlines the ability of near-surface and alkali-adapted communities to survive and grow 
within an ILW-GDF. The degradation of cellulose within these sites through abiotic alkaline 
hydrolysis and microbial activity provided the substrates for downstream fermentation, 
sulphate reduction and methanogenesis, where hydrogen appeared to be an important electron 
donor. Hydrogenotrophic methanogens of the genera Methanoregula, Methanoculleus and 
Methanospirillium dominated the archaeal communities on the cellulose, and the ubiquitous 
nature of Hydrogenophaga throughout the bacterial communities in these sites further 
underlines the importance of H2 within an ILW-GDF. Methanogens capable of all three 
pathways were detected in the sediments based on DNA sequencing, suggesting the input of 
cellulose into these sites selected for a methanogen community dependent on H2/CO2. 
Alongside methanogenesis, an active sulphate reducing community was detected on the 
cellulose samples incubated within the organic-rich steel slag sites that demonstrated 
conditions of lower alkalinity (pH ~11.0). The dominant SRB within these sites were the 
acetate-utilising Desulfobacter, which resulted in a decreased contribution of acetoclastic 
methanogenesis in these environments.  
Statistical differences were revealed between the background and alkaline zones of these sites, 
where spore-forming and fermentative lineages of the phylum Firmicutes became more 
abundant in the alkaline-disturbed zones and members of the phylum Acidobacteria reduced in 
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abundance. Even though pore-water pH values of ~13.0 were detected in some cases, the 
majority of microbial activity may be ongoing at pH values much lower than this, facilitated 
by the formation of biofilm and production of metabolic acids, such as acetate. Overall, the 
data shown in this first chapter of work suggests the products of cellulose degradation can 
support methanogenic and sulphate reducing processes under environmental conditions when 






6.0 Investigating the Utilisation of 






This chapter aims to identify the dominant methanogenic pathways utilised at high pH and to 
identify the upper pH limits for methanogenesis in planktonic culture. As discussed in Chapter 
1, the ability of an ILW-GDF at retaining radioelements could be influenced by an active 
methanogenic community (6). Methane generation has the potential to influence gas volumes 
and pressures within the near-field of an ILW-GDF and could act as a mechanism by which 
14C can be transported to the biosphere via the production of 14CH4 (303). The upper pH limits 
for methanogenesis are not well defined and there is a lack of information available regarding 
the relative contribution of methanogenic substrates to methane generation under alkaline 
conditions. The sediment samples retrieved from the alkaline New Lime sites (B, H and T) 
mentioned in Chapter 5 were used as inoculating materials for the development of 
methanogenic enrichment cultures between pH 7.0-12.0. Additionally, the Control site (C) was 
used as a reference. The consumption and generation of methanogenic substrates when fed with 
CDP, H2/CO2 or acetate was measured within these microcosms in order to assess pathway 
utilisation and the methanogen community was described via 16S rRNA gene sequencing. 
Methyl fluoride (CH3F), the selective inhibitor of acetoclastic methanogenesis, was employed 
to help discriminate between H2/CO2-derived and acetate-derived methane generation within 
these cultures. The study was expanded further to incorporate the Old Lime (LK) and Steel 
(CW, CS, RC and SC) sediments, which were used to develop hydrogenotrophic (H2/CO2-fed) 




6.2 CDP-fed Microcosms 
 
6.2.1 Control Site Microcosms 
 
6.2.1.1 ISA Degradation 
 
CDP-fed microcosms employing the neutral-pH control sediments were capable of degrading 
all three forms of ISA between pH 7.0-10.0 (Figure 6.1), with the rate of fermentation reducing 
significantly at pH 10.0 (Figure 6.1). The rate of α, β and X-ISA degradation was calculated 
between pH 7.0-10.0 (Figure 6.2 and Table 6.1). Within pH 7.0, 8.0, 9.0 and 10.0 microcosms 
α-ISA degradation rates were 2.4x10-1 (±2.7x10-2, n=2), 1.6x10-1 (±9.0x10-3, n=2), 1.3x10-1 
(±2.2x10-2, n=2) and 6.1x10-3 (±6.3x10-3, n=2) day-1 respectively. β-ISA degradation rates were 
1.8x10-1 (±9.6x10-3, n=2), 1.5x10-1 (±4.3x10-3, n=2), 1.1x10-1 (±2.5x10-4, n=2) and 1.2x10-2 
(±8.6x10-3, n=2) day-1 within pH 7.0, 8.0, 9.0 and 10 microcosms respectively. X-ISA 
degradation rates within pH 7.0, 8.0, 9.0 and 10.0 microcosms were 1.2x10-1 (±1.9x10-2, n=2), 
1.2x10-1 (±2.6x10-3, n=2), 9.5x10-2 (±2.3x10-3, n=2) and 3.2x10-2 (±5.0x10-4, n=2) day-1 
respectively. This suggests the rate of α, β and X-ISA degradation decreased as the pH 
increased. Highest rates of α and β ISA degradation were present in pH 7.0 microcosms and 
X-ISA degradation rates were highest in pH 8.0 microcosms. It should perhaps not be 
surprising that ISA degradation rates were highest under neutral-pH conditions and decreased 
significantly under alkaline conditions when employing populations from a neutral-pH site. 
Microcosms employing the same canal sediments as used here have been shown to be capable 
of ISA fermentation and consequently methanogenesis up to pH 10.0 previously and 
demonstrated comparable ISA degradation rates to those observed here (23). However, using 





Figure 6.1. ISA concentrations within microcosms employing neutral-pH Canal sediments. [A] pH 7.0, [B] pH 8.0, [C] pH 9.0, [D] pH 




Figure 6.2. Rate of α, β and X-ISA degradation within CDP-fed microcosms employing 
neutral-pH Canal sediments between pH 7.0-10.0. Error bars represent standard deviation 
(n=2). 
 
Table 6.1 Alpha, beta and xylo-ISA degradation rates within microcosms employing 
neutral-pH Canal sediments between pH 7.0-10.0. Error represents standard deviation 
(n=2). 
ISA pH 7.0 pH 8.0 pH 9.0 pH 10.0 

























The fermentation of ISA to H2/CO2 and acetate has the potential to provide both acetoclastic 
and hydrogenotrophic methanogens with substrate for metabolism (23, 24, 304). All 
microcosms showed evidence of fermentation, indicated by the generation of acetate alongside 
the degradation of ISA. Acetate present in the CDP or generated via the fermentation of ISA 
was completely removed from pH 7.0 and 8.0 microcosms within the 14 day incubation period 
(Figure 6.3A). Within pH 9.0 microcosms acetate also showed evidence of consumption, 
although it could still be detected in low concentrations on day 14 (Figure 6.3A). In contrast, 
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acetate accumulated within pH 10.0 microcosms, likely due to the low rates of ISA 
fermentation, with no significant acetate consumption detected (Figure 6.3A). In similar 
fashion to the ISA degradation rates, the rate of acetate removal decreased as the microcosm 
pH increased (R2=0.9237) (Figure 6.3B). Within pH 7.0, 8.0 and 9.0 microcosms acetate was 
removed at a rate of 71.9 (±1.4, n=2), 45.3 (±1.4, n=2) and 40.0 (±1.7, n=2) µmoles day-1, with 
no significant acetate removal detected at pH 10.0 (Figure 6.3B). Since no TEA’s were 
available in the growth media and the inoculating sediment materials were gradually removed 
from these microcosms via sub-culturing, it is assumed any acetate removal is a result of 
consumption by acetotrophic methanogens or acetate-oxidising bacteria (305).  
6.2.1.2 Methane Generation 
 
Methane was generated in all CDP-fed microcosms between pH 7.0-10.0, however the quantity 
and rate of methanogenesis differed across microcosms. Within pH 7.0, 8.0, 9.0 and 10.0 
microcosms an average of 0.44 (±0.03, n=2), 0.38 (±0.04, n=2), 0.24 (±0.06, n=2) and 0.15 
(±0.01, n=2) mmoles of methane was detected on day 14 of the incubation period respectively 
(Figure 6.4A). This suggests the methanogenic population was more active under neutral-pH 
conditions, which is perhaps expected given that these organisms were harvested from neutral-
pH sediments. It is perhaps surprising however that methanogenesis was able to proceed up to 
pH 10.0, and suggests a proportion of methanogens within this neutral-pH site were tolerant to 
alkaline conditions. Although, the generation of methane at pH 10.0 by neutral-pH soil 
communities has been observed previously (23). In similar fashion to the acetate and ISA 
removal rates discussed above, the rate of methane production decreased in a linear fashion 
(R2=0.9832) as the pH within microcosms was increased (Figure 6.4B). This suggests the lower 
levels of methane produced at high pH was due to loss of acetate consumption and that the 
acetate being removed under more neutral-pH conditions was being converted to methane, 
rather than conversion to H2 and CO2 via syntrophic acetate oxidation. The ability of 
neutrophilic microorganisms to adapt to alkaline pH values has importance within an ILW-
GDF. The fact that neutrophilic communities within the present study were capable of methane 
generation at pH 10.0 suggests microorganisms in the far-field of an ILW-GDF could adapt to 





Figure 6.3. Acetate concentrations and removal rates within CDP-fed microcosms 
employing neutral-pH Canal sediments. [A] Acetate concentrations, [B] acetate removal 




Figure 6.4. Methane quantities and production rates within CDP-fed microcosms 
employing neutral-pH sediments. [A] Methane quantities, [B] methane production rates.  
 
6.2.1.3 Methanogen Community 
 
Microbial community analysis of the CDP-fed microcosms employing the neutral-pH 
sediments that were capable of methane generation was undertaken via 16S rRNA gene 
sequencing. Within the pH 7.0 and 8.0 microcosms, the strictly hydrogenotrophic  
Methanobacterium and the metabolically diverse Methanosarcina were the dominant 
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methanogenic genera, which were present in roughly equal proportions (Figure 6.5A). Within 
the pH 9.0 microcosms the percentage of reads attributed to the genus Methanobacterium 
increased to 74.4%, which consequently resulted in a reduced proportion of reads attributed to 
the genus Methanosarcina (23.4%) (Figure 6.5A). Microcosms operating at pH 10.0 were 
dominated by the genus Methanobacterium (99.1%), with the genus Methanosarcina 
representing <1.0% of the total archaea reads (Figure 6.5A).  
Although members of the genus Methanosarcina have been shown to be capable of 
participating in all three methanogenic pathways (306), the vast majority of isolated strains 
relating to this genus are capable of utilising acetate for growth and methanogenesis (61, 62, 
307-310). Since the proportion of 16S rRNA gene reads relating to the genus Methanosarcina 
correlated well with the rate of acetate consumption (Figure 6.6) it would seem this genus is 
contributing to acetoclastic methane generation within these microcosms. The loss of 
Methanosarcina genera within the pH 9.0 and 10.0 microcosms and reduced acetate 
consumption under these conditions suggests acetate-derived methane was being inhibited at 
high pH. This suggests the reduced quantities of methane generated within pH 9.0 and 10.0 
microcosms is due to inhibition of the acetoclastic pathway. The increased levels of methane 
generated in pH 7.0 and 8.0 microcosms and the detection of both acetoclastic and 
hydrogenotrophic methanogens at this pH is therefore a result of two methanogenic pathways 
being active, in contrast only the hydrogenotrophic pathway appeared to be active at pH 10.0. 
To the authors knowledge the only member of the Methanosarcina in the literature that has 
been shown to be capable of alkaliphilic growth in pure culture has been isolated from 
mangrove sediment previously (311), which strictly uses methylated compounds 
(dimethylsulfide, methanethiol, methanol) for growth and is incapable of using acetate or 
H2/CO2 for methanogenesis. The fact that alkaliphilic acetate-metabolising Methanosarcina 
are absent from the literature agrees with the community analysis within the present study, 
where the high pH conditions resulted in a loss of this genus. The absence of the strictly 
acetoclastic Methanosaeta genus within the methanogen community could be explained by 
their lower maximum growth rates (µ max) and half-saturation coefficients (K S) compared with 
Methanosarcina (55). Therefore high acetate concentrations (>1mM) are expected to result in 
Methanosarcina species as the dominant acetoclastic methanogen (58), which is in line with 
the present study, where the initial acetate concentrations within the CDP-fed microcosms was 
1.4 mM (±0.1) (Figure 6.3). 
148 
 
A number of alkaliphilic strains relating to the genus Methanobacterium, which dominated in 
the pH 9.0 and 10.0 microcosms, have been isolated from alkaline lakes previously (312) and 
were capable of growth up to pH 10.0 in pure culture, all of which strictly use H2 and CO2 for 
methanogenesis. Additionally, a number of neutrophilic strains have been isolated previously 
from anaerobic digestors (313), ricefields (314) and marine sediments (315) which underlines 
their ability to maintain a population between pH 7.0-10.0 within the microcosms studied here. 
All other methanogenic genera that were present represented <1.0% of the total archaeal 16S 
rRNA gene reads and were therefore considered insignificant. A small proportion of 
unclassified methanogen reads were also detected within pH 7.0, 8.0, 9.0 and 10.0 microcosms, 
representing 0.11%, 0.15%, 0.14% and 0.18% of the total archaea 16S rRNA gene reads 
respectively, suggesting a small proportion of methanogens within these microcosms are 
potentially novel and undescribed organisms.  
 
Figure 6.5. Genus-level methanogen community and proportion of 





Figure 6.6. Acetate removal rates and proportion of reads attributed to the genus 
Methanosarcina within pH 7.0-10.0 CDP-fed microcosms employing the neutral-pH 
sediments. 
6.2.2 Lime Site Microcosms 
 
6.2.2.1 ISA Degradation 
 
In contrast to the CDP-fed microcosms employing neutral-pH sediments (Section 6.2.1), CDP-
fed microcosms employing alkaline sediments from lime sites B, H and T showed evidence of 
degrading all three forms of ISA between pH 7.0-11.0 (Figure 6.7). On average 487.4 (±216.7, 
n=4), 194.2 (±92.2, n=4), 160.7 (±86.9, n=6), 65.6 (±27.2, n=6) and 92.1 (±6.6, n=2) µg day-1 
of α-ISA was removed from pH 7.0, 8.0, 9.0, 10.0 and 11.0 microcosms respectively. On 
average 329.1 (±107.9, n=4), 149.6 (±46.6, n=4), 168.8 (±39.8, n=6), 91.5 (±8.9, n=6) and 62.9 
(±1.0, n=2) µg day-1 of β-ISA was removed from pH 7.0, 8.0, 9.0, 10.0 and 11.0 microcosms 
respectively (Figure 6.7). X-ISA was removed at rate of 69.8 (±14.7, n=4), 78.2 (±38.6, n=4), 
48.2 (±28.8, n=6), 43.1 (±1.9, n=6) and 24.5 (±6.5, n=2) µg day-1 within pH 7.0, 8.0, 9.0, 10.0 
and 11.0 microcosms respectively (Figure 6.7). In similar fashion to the microcosms employing 
neutral-pH sediments (Section 6.2.1), ISA degradation rates were higher between pH 7.0-9.0. 
However ISA removal between pH 10.0-11.0 was higher when employing the alkaline 
sediments from the lime sites, compared with the neutral-pH sediments (Figure 6.8), suggesting 
the microbes within these sites have adapted mechanisms to survive and grow in conditions of 
higher alkalinity. Previous work employing sediments from site B in CDP-fed microcosms at 
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pH 11.0 have demonstrated comparable ISA degradation rates which also resulted in the 
generation of methane at this pH (24).  
As seen within the control microcosms (Section 6.2.1), acetate was generated as a consequence 
of ISA degradation (Figure 6.9), suggesting fermentation processes were active. The initial 
acetate concentration upon inoculation was 2.0 mM (±0.1, n=4), 1.8 mM (±0.1, n=4), 1.6 mM 
(±0.07, n=6), 1.4 mM (±0.05, n=6) and 1.6 mM (±0.07, n=2) within pH 7.0, 8.0, 9.0, 10.0 and 
11.0 microcosms respectively (Figure 6.9), with this variation likely to be a result of carry-over 
during sub-culturing. After the 14 day incubation period, acetate concentrations had increased 
to 3.2 mM (±0.2, n=4), 3.3 mM (±1.1, n=4), 2.8 mM (±0.7, n=6), 1.9 mM (±0.1, n=6) and 2.0 
mM (±0.1, n=2) within pH 7.0, 8.0, 9.0, 10.0 and 11.0 microcosms respectively (Figure 6.9). 
The increased accumulation of acetate between pH 7.0 and 8.0, compared with the pH >9.0 
microcosms is likely to be a result of the higher ISA degradation rates observed at these pH 
values (Figure 6.7F). In contrast to the microcosms employing the neutral-pH sediments 
(Section 6.2.1), low pH reactors (pH 7.0-8.0) employing the alkaline sediments were unable to 
demonstrate high acetate consumption rates, with the rate of fermentation appearing to 
outcompete the rate of acetotrophy. The lack of acetate consumption from lime-site reactors 
could be due to the absence of acetoclastic species within the inoculating sediments as 
described in Chapter 5.  It is possible the alkaline in situ conditions of the sites has resulted in 
the loss of Methanosarcina and Methanosaeta species from the sediments, as seen in Section 




Figure 6.7. ISA degradation within microcosms employing alkaline sediments from lime sites B, H and T. [A] pH 7.0, [B] pH 8.0, [C] pH 




Figure 6.8. Comparison of ISA degradation rates between microcosms employing 
neutral-pH sediments (control) and alkaline sediments (lime). [A] α-ISA, [B] β-ISA, [C] 




Figure 6.9. Acetate concentrations between pH 7.0-11.0 within CDP-fed microcosms 
employing the alkaline lime sediments. Error bars represent standard deviation (pH 7.0 
n=2, pH 8.0 n=4, pH 9.0 n=6, pH 10.0 n=6, pH 11.0 n=2).  
 
6.2.2.2 Methane Generation 
 
CDP-fed microcosms employing the lime sediments were capable of generating methane 
between pH 7.0-11.0 (Figure 6.10), one pH unit higher than microcosms employing the neutral-
pH sediments in Section 6.2.1. On day 14 the average quantity of methane within pH 7.0, 8.0, 
9.0, 10.0 and 11.0 microcosms was 0.04 (±0.03, n=4), 0.13 (±0.05, n=4), 0.24 (±0.02, n=6), 
0.18 (±0.03, n=6) and 0.04 (±0.03, n=2) mmoles respectively (Figure 6.10A). This equates to 
a methane production rate of 9.4 (±1.1, n=4), 14.4 (±3.2, n=4), 17.1 (±1.2, n=6), 12.6 (±2.2, 
n=6) and 9.6 (±0.9, n=2) µmoles day-1 at pH 7.0, 8.0, 9.0, 10.0 and 11.0 respectively (Figure 
6.10B), suggesting that under fermentative conditions the methanogen community had an 
optimum pH of 9.0 for growth, despite the fact that in situ pH values of the inoculating 
sediments was much higher (see Chapter 5). Even though a number of alkaliphilic 
microorganisms have demonstrated growth above pH 10.0 (123, 124), the optimum growth 
conditions for many alkaliphiles tends to be pH ~9.0, therefore the methanogen community 
present in the sediments from these alkaline sites are likely to be surviving in low pH microsites 




Figure 6.10. Methane quantities within CDP-fed microcosms employing alkaline 
sediments from the lime sites between pH 7.0-11.0. [A] Methane quantities against time 
between pH 7.0-11.0, [B] rate of methane production between pH 7.0-11.0. Error bars 




6.2.2.3 Methanogen Community 
 
All methanogenic CDP-fed microcosms were dominated by hydrogenotrophic methanogens of 
the genus Methanobacterium and Methanoculleus (Figure 6.11A). Within pH 7.0, 8.0, 9.0, 10.0 
and 11.0 microcosms the Methanobacterium represented an average of 84.1% (±28.0), 49.8% 
(±33.2), 65.9% (±33.0), 65.6% (±32.0) and 1.1% (±0.4) of the total methanogen reads across 
the three sites (B, H, T) respectively (Figure 6.11A). The genus Methanoculleus represented 
an average of 1.3% (±0.4), 22.1% (±14.7), 30.3% (±29.8), 26.3% (±25.1) and 88.1% (±29.4) 
within pH 7.0, 8.0, 9.0, 10.0 and 11.0 microcosms respectively. The lack of methane generation 
at pH 7.0 and 8.0 within CDP-fed microcosms inoculated with site H sediments and pH 11.0 
microcosms employing site T sediments has resulted in high standard deviation across these 
averages. Since members of the genus Methanoculleus were largely absent from microcosms 
employing the control sediments in Section 6.2.1.3, but dominated in reactors inoculated with 
the alkaline sediments, this genus of methanogen could be important within lime-contaminated 
environments. Strains relating to the strictly hydrogenotrophic genus Methanoculleus have 
been isolated previously from a number of environments, including shale formations (316), oil 
fields (317), wetland soil (318) and paddy field soil (319), although to the authors knowledge 
no alkaliphilic species have been described to date and therefore their presence within 
microcosms operating at pH 11.0 could be the first account of this genus surviving under 
alkaline conditions.  
Only a very small percentage of 16S rRNA gene reads could be attributed to the potentially 
acetate-metabolising genus Methanosarcina and strictly acetoclastic genus Methanosaeta at all 
pH values (Figure 6.11). At pH 7.0, 8.0, 9.0, 10.0 and 11.0 the genus Methanosarcina 
represented an average of 0.16% (±0.12), 0.0066% (±0.0044), 0.71% (±0.69), 1.16% (±0.57) 
and 0.78% (±0.51) of the total archaea reads across microcosms employing site B, H and T 
sediments respectively, suggesting this genus was the minority of the overall methanogen 
population. The genus Methanosaeta represented on average 0.0%, 0.15% (±0.10), 0.11% 
(±0.11), 0.029% (±0.029) and 0.096% (±0.064) of the total archaea reads within pH 7.0, 8.0, 
9.0, 10.0 and 11.0 microcosms respectively. The very low percentage of reads attributed to 
methanogens capable of acetate metabolism at all pH values agrees with the chemistry within 
these microcosms, where acetate quantites increased due to ISA fermentation and showed no 
signs of degradation (Figure 6.9). Since the genera Methanosarcina and Methanosaeta could 
not be detected in the inoculating sediments (Chapter 5), their absence from these microcosms 
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is perhaps not surprising. This does however suggest that hydrogenotrophic metabolism 
dominated within all CDP-fed microcosms employing the alkaline sediments irrespective of 
pH. This adds confidence to the hypothesis that the alkaline in situ conditions of these sites is 
selecting against acetoclastic methanogens, as seen in the microcosms employing the neutral-
pH control sediments in Section 6.2.1.  
 
 
Figure 6.11. Genus level methanogen community composition and proportion of 
hydrogenotrophic/acetoclastic methanogens within CDP-fed microcosms employing 
alkaline sediments from the lime sites. [A] Genus-level methanogen communities between 





6.3 H2/CO2 and Acetate-fed Microcosms 
 
Since difficulties arise when trying to establish the utilisation of methanogenic substrates under 
fermentative conditions due to the production of acetate and H2/CO2 which can obscure 
consumption rates, the ability of the CDP-fed microcosms described in Section 6.2 to generate 
methane solely from H2/CO2 or acetate supplied in the growth media (in the absence of a 
fermentation substrate) between pH 7.0-12.0 was investigated. Sub-cultures of the CDP-fed 
reactors were produced and the quantity of H2, acetate and methane was analysed throughout 
the incubation period. The methanogen communities within any microcosms capable of 
methanogenesis were described via 16S rRNA gene sequencing. 
6.3.1 Control Site Microcosms 
 
Microcosms employing the control site sediments fed solely with H2/CO2 were capable of 
methanogenesis up to pH 10.0, in contrast solely acetate-fed microcosms were only able to 
generate methane up to pH 9.0 (Figure 6.12), despite extended incubation periods (50 days). 
Hydrogen consumption rates between pH 7.0-10.0 were 243.3 (±10.9, n=2), 190.7 (±23.2, 
n=2), 121.2 (±18.4, n=2) and 87.8 (±19.4, n=2) µmoles day-1 respectively (Figure 6.13) and 
therefore the rate of hydrogen consumption correlated negatively with the pH of microcosms 
(R2=0.984). No methane generation or hydrogen consumption was detected in pH 11.0 
microcosms fed with H2/CO2. The rate of acetate consumption also negatively correlated with 
pH (R2=0.9918) with an average removal rate of 148.7 (±2.9), 108.3 (±3.9), 44.9 (±11.0) and 
3.6 (±0.3) µmoles day-1 between pH 7.0-10.0 respectively (Figure 6.13), with no methane 
generated in pH 10.0 microcosms fed solely with acetate. The generation of methane solely 
from acetate up to pH 9.0 but continued methanogenesis from hydrogen up to pH 10.0 agrees 
with the CDP-fed microcosms in Section 6.2.1, where the same trend was observed.     
The methanogen community was analysed via 16S rRNA gene sequencing within H2/CO2-fed 
microcosms between pH 7.0-10.0 and acetate-fed reactors between pH 7.0-9.0, since these 
were the only systems capable of methanogenesis. H2/CO2-fed microcosms were dominanted 
by the strictly hydrogenotrophic genus Methanobacteria which represented 60.7%, 73.7%, 
91.0% and 97.1% of the total archaea reads at pH 7.0, 8.0, 9.0 and 10.0 respectively (Figure 
6.14). In contrast, acetate-fed microcosms were dominated by the acetoclastic genus 
Methanosarcina which represented 65.1%, 79.3% and 7.1% of the total archaea reads at pH 
7.0, 8.0 and 9.0 respectively. In similar fashion to the CDP-fed microcosms (Figure 6.5), the 
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percentage of reads attributed to the acetoclastic Methanosarcina decreased as the pH within 
the microcosms increased above pH 8.0, suggesting this genus was unable to maintain a 
significant population under alkaline conditions. The fact that methanogens capable of 
acetoclastic methanogenesis reduce in number as the pH increases is in agreement with the 
microcosm chemistry where acetate consumption rates decreased at the higher pH values tested 
(Figure 6.12). It is interesting to note that a small proportion of hydrogenotrophic methanogen 
reads were detected within the acetate-fed microcosms and low numbers of potentially 
acetoclastic species were present within H2/CO2-fed reactors, which is likely to be a result of 
ISA carry-over during sub-culturing which led to the generation of undetectable quantities of 
acetate and H2/CO2 via fermentation pathways. It is also possible that acetate is being 
fermentated to H2/CO2 by syntrophic acetate oxidising bacteria within the acetate-fed 
microcosms (320) which allowed for hydrogenotrophic populations to develop. Nevertheless, 
the domination of Methanosarcina species within the acetate-fed microcosms and high acetate 
consumption rates at pH 7.0 and 8.0 verifies the presence of acetoclastic methanogenesis at the 
lower pH values tested.  
The generation of methane has been shown to be sensitive to pH previously under acidic 
conditions (321), where low pH conditions inhibited both methanogenic pathways and 
fermentation. Within the present study reduced methane generation rates at pH 10.0 appears to 
be a result of inhibition of the acetoclastic pathway only, with both hydrogenotrophic 
methanogenesis and fermentation pathways still active. Therefore the inhibition of methane at 
pH 10.0 within the present study is not a result of fermentation end product limitations, but 
rather an inability to metabolise acetate. The degradation of acetate by acetoclastic 
methanogens begins with its activation to acetyl-coenzyme A (53). As the pH within the 
microcosms is increased, the dissociated forms of acetate will become more abundant, which 
could be impairing uptake by cells and result in reduced acetate consumption. Since the charged 
(dissociated) forms of acetic acid require active transport into the cell (322), an input of energy 
is required for its conversion to methane. In contrast the uncharged (associated) forms of acetic 
acid are able to move freely across the cell membrane via simple diffusion which is 
energetically favourable. This could explain the increased acetate consumption rates (Figure 
6.12) under neutral-pH conditions in the present study. Although the electron transport chain 
of acetoclastic methanogenesis has been studied previously (322, 323), no information in the 
literature could be found regarding the transport of acetate into the cell and how this transport 
is affected by acetic acid dissociation, this could therefore be an important area of future 
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research. The protein acetate kinase (Ack) from Methanosarcina mazei, which activates acetate 
for its transport into the cell, has been shown to have an optimum pH of 6.5-7.0 (322), therefore 
a significant amount of energy would be required to maintain an intracellular pH at a value 
close to the enzymes optimum when these cells are growing under alkaline conditions. The fact 
that reports of alkaliphilic acetate-metabolising methanogens are largely absent from the 
literature further supports the present studies ascertion that alkaline conditions impair 
acetoclastic methanogenesis. A number of methanogens have been enriched and isolated 
previously from alkaline lake sediments, none of which were capable of utilising acetate and 
instead used H2/CO2 or methylated compounds for growth (90, 324). Alkaliphilic acetoclastic 
methanogen enrichment cultures have been successfully developed at pH 9.5 from soda lake 
sediments previously and were dominated by the strictly acetoclastic Methanosaeta (87), 
however the methanogenic activity in these cultures was extremely low and the activity of these 







Figure 6.12. Hydrogen, acetate and methane quantities within microcosms employing control site sediments between pH 7.0-10.0. [A] 
Hydrogen quantities between pH 7.0-10.0, [B] acetate concentrations between pH 7.0-10.0, [C] methane generated from H2/CO2-fed microcosms 




Figure 6.13. Acetate and hydrogen consumption rates within microcosms employing 






Figure 6.14. Genus-level methanogen composition and proportion of acetoclastic and hydrogenotrophic genera within H2/CO2-fed and 
acetate-fed microcosms between pH 7.0-10.0. [A] Genus-level composition of H2/CO2-fed microcosms, [B] genus-level composition of 
acetate-fed microcosms, [C] proportion of acetoclasts and hydrogenotrophs within H2/CO2-fed microcosms, [D] proportion of acetoclasts and 
hydrogenotrophs within acetate-fed microcosms. 
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6.3.2 Lime Site Microcosms 
 
Microcosms employing the alkaline sediments from the lime sites were able to generate 
methane between pH 7.0-11.0 when fed with H2/CO2, in contrast acetate-fed microcosms only 
generated methane at pH 7.0 and 8.0 (Figure 6.15). At pH 9.0 and 10.0 headspace hydrogen 
was completely removed from H2/CO2-fed microcosms within the 14 day incubation period 
(Figure 6.15A). Hydrogen was also consumed within pH 7.0, 8.0 and 11.0 microcosms fed 
with H2/CO2, however low quantities of hydrogen were still present within the headspace after 
14 days, suggesting the rate of hydrogen consumption slowed down under these conditions. 
No significant acetotrophy was detected within the acetate-fed microcosms at pH 9.0, 10.0 and 
11.0, however the concentration of acetate at pH 7.0 and 8.0 reduced from 29.0 mM (±2.8) to 
16.3 mM (±3.5) and 30.5 mM (±2.7) to 16.9 mM (±4.4) over the 14 day incubation period 
respectively (Figure 6.15B). Methane generation rates were highest at pH 9.0 and 10.0, with 
an average of 0.43 (±0.04) and 0.36 (±0.04) detected on day 14 respectively (Figure 6.15C). 
The quantity of methane generated from H2/CO2 by day 14 reduced at pH 7.0, 8.0 and 11.0 to 
0.16 (±0.02), 0.26 (±0.14) and 0.12 (±0.06) mmoles respectively (Figure 6.15C), likely due to 
the lower hydrogen consumption rates under these conditions (Figure 6.15A). Methane could 
only be detected at pH 7.0 and 8.0 within the acetate-fed microcosms, however only low 
quantites were detected on day 14 of 0.06 (±0.02) and 0.07 (±0.04) mmoles respectively (Figure 
6.15D).  
The rate of acetate and hydrogen consumption was measured for acetate-fed and H2/CO2-fed 
microcosms between pH 7.0-11.0 (Figure 6.16). Averate hydrogen consumption rates within 
pH 7.0, 8.0, 9.0, 10.0 and 11.0 microcosms were 90.7 (±5.2), 70.9 (±17.3), 167.5 (±45.3), 133.2 
(±27.2) and 77.0 (±21.3) µmoles day-1 respectively (Figure 6.16), suggesting the optimum pH 
for hydrogenotrophic methanogenesis when employing the alkaline sediments was pH 9.0, 
which is in agreement with the CDP-fed microcosms (Figure 6.10). Since the pH values of the 
inoculating sediments was much higher than pH 9.0 (see Chapter 5) and no methane could be 
generated in pH 12.0 microcosms when supplied with CDP, acetate or H2/CO2, this further 
suggests the methanogens were surviving in low pH microsites within the sampling sites. 
Acetate consumption rates within the acetate-fed microcosms were 23.6 (±7.6) and 36.4 
(±14.1) at pH 7.0 and 8.0 respectively (Figure 6.16), with no significant acetate consumption 
detected at pH 9.0, 10.0 and 11.0 (Figure 6.15B). Stoichiometric calculations of the 
methanogenic reactors fed with acetate do not correlate well with acetoclastic methanogenesis 
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(Figure 6.17) and therefore the acetate consumed under these conditions may be a result of 




Figure 6.15. Hydrogen, acetate and methane quantities within microcosms employing lime site sediments between pH 7.0-11.0. [A] 
Hydrogen quantities between pH 7.0-11.0, [B] acetate concentrations between pH 7.0-11.0, [C] methane generated from H2/CO2-fed microcosms 




Figure 6.16. Acetate and hydrogen consumption rates within microcosms employing 
alkaline lime sediments between pH 7.0-11.0. The rate of hydrogen consumption increased 
at pH 9.0. The rate of acetate consumption was only measurable at pH 7.0 and 8.0. 
 
Figure 6.17. Measured and theoretical methane generation quantites within pH 7.0 and 




The methanogen community was analysed within H2/CO2-fed microcosms between pH 7.0-
11.0 and acetate-fed microcosms at pH 7.0 and 8.0, since these were the only reactors that 
showed evidence of methanogenesis. In similar fashion to the CDP-fed microcosms employing 
the lime sediments (Section 6.2.2), the strictly hydrogenotrophic genera Methanobacterium 
and Methanoculleus dominated in all the H2/CO2-fed and surprisingly in the acetate-fed 
reactors (Figure 6.18). At pH 7.0, 8.0, 9.0, 10.0 and 11.0 the genus Methanobacterium 
represented an average of 85.4% (±29.5), 93.4% (±31.4), 66.1% (±33.0), 65.9% (±32.9) and 
49.3% (±32.9) of the total methanogen reads across the lime site reactors fed with H2/CO2 
respectively (Figure 6.18A). The genus Methanoculleus represented an average of 2.9% (±2.0), 
5.5% (±3.7), 29.9% (±29.8), 30.5% (±30.5) and 46.9% (±30.9) of the total methanogen reads 
across lime site reactors fed with H2/CO2 at pH 7.0, 8.0, 9.0, 10.0 and 11.0 respectively. 6 other 
methanogenic genera were detected in the H2/CO2-fed and acetate-fed microcosms, including 
Methanocorpusculum, Methanomassiliicoccus, Methanomethylovorans, Methanoregula, 
Methanosaeta and Methanosarcina, however the percentage of reads attributed to these 
methanogens was very low (Figure 6.18AB).   
Interestingly, only hydrogenotrophic methanogens could be detected with any significance in 
the acetate-fed reactors employing the lime site sediments (Figure 6.18BD), which supports 
the chemistry within the microcosms (Figure 6.17), where only very low quantities of methane 
could be detected which was not stoichiometrically balanced with the amount of acetate 
consumed. As with the H2/CO2-fed microcosms, the genera Methanobacterium and 
Methanoculleus were the dominant methanogens (Figure 6.18B) and have been discussed in 
Section 6.2. The lack of acetoclastic methanogenesis from the lime-site microcosms could be 
a result of the high pH conditions of the sites. Since control microcosms demonstrated high 
acetate consumption and methane generation at pH 7.0 and 8.0, yet were incapable of this 
process above pH 9.0, acetoclastic species may have been selected against due to the alkaline 
in situ conditions of the sampling sites. The development of acetoclastic methanogen cultures 
from the control-site sediments suggests the growth conditions imposed in this study were able 
to support acetate-dependent methanogenesis and that any lack of acetate metabolism was not 
a result of the growth media. As discussed in Chapter 5, no acetoclastic methanogens could be 
detected in the inoculating materials taken from the lime sites prior to the development of 
enrichment cultures in the laboratory. Furthermore, lime-site reactors were initiated at a pH of 
10.0 and gradually decreased to more neutral-pH values, therefore it is possible that acetoclastic 
species were unable to survive the initial inoculation and were absent when attempting to 
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culture them under neutral-pH conditions. No methanogens capable of spore formation could 
be found in the literature which could enable them to survive as dormant cells under alkaline 
conditions. 
The inability of acetoclastic methanogens to grow at high pH within the present study could be 
linked to energy conservation. The hydrogenotrophic orders of methanogens 
Methanobacteriales and Methanomicrobiales that dominated within all of the high pH 
microcosms lack cytochromes (29, 81). These methanogens synthesise ATP via the 
establishment of a proton motive force across the membrane using Na+ ions. In contrast, the 
metabolically diverse Methanosarcinales are the only order of methanogens that contain 
cytochromes and use a completely different mode of energy generation, namely via the 
production of an electrochemical proton gradient using H+ and Na+ coupled with the reduction 
of heterodisulfide (29, 323). The availability of H+ ions decreases as the pH increases which 
could be inhibiting members of the Methanosarcinales from growing under alkaline 





Figure 6.18. Genus-level methanogen composition and proportion of acetoclastic/hydrogenotrophic species within H2/CO2-fed and 
acetate-fed microcosms between pH 7.0-11.0. 
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6.4 Inhibition Studies 
The degradation of acetate under anaerobic conditions in the absence of TEA’s can either be a 
result of conversion to H2/CO2 by SAOB (320) or to CH4 by methanogens (325). Without the 
use of radio-labelled carbon (305) it is difficult to distinguish the end products of acetate 
metabolism. However with the use of methyl-fluoride (CH3F), a selective inhibitor of 
acetoclastic methanogenesis, it is possible to differentiate pathway utilisation by comparing the 
acetate consumption and methane generation in microcosms treated with CH3F and those 
without treatment (251, 326, 327). CH3F has been shown to inhibit pure cultures of acetoclastic 
Methanosaeta and Methanosarcina, furthermore in Methanosarcina barkeri, which can use 
both H2/CO2 and acetate (328), treatment with CH3F only inhibited acetate consumption, whilst 
hydrogenotrophic methanogenesis remained unaffected (251). Under certain concentrations 
CH3F is also capable of inhibiting acetate-derived methane in defined mixed cultures, whilst 
having no inhibitory effect on other microbial processes such as SAO (251). Although no 
acetoclastic methanogenesis was observed at pH 10.0 in Section 4.2 and 4.3, very low 
percentages of Methanosarcina and Methanosaeta 16S rRNA gene reads were present within 
some of these microcosms (Figures 6.6, 6.11, 6.14 and 6.18) and it remains unclear which 
pathway these organisms are contributing to. Additionally, the consumption of acetate within 
pH 7.0 and 8.0 microcosms employing the alkaline sediments did not appear to be a result of 
methanogenesis, since only low quantities of methane were produced, therefore the use of 
methyl fluoride can help to consolidate this position. The CDP-fed microcosms operating at 
pH 7.0 and 10.0 discussed in Section 6.2 were used to inoculate further sub-cultures containing 
both methanogenic substrates (H2/CO2 and acetate) supplied in the growth media, both in the 
presence and absence of CH3F.  
6.4.1 Control Site Microcosms 
Methane was generated in pH 7.0 and 10.0 microcosms employing the control site sediments 
when supplied with both H2/CO2 and acetate, in the presence and absence of CH3F (Figure 
6.19A). However the quantity of methane generation differed significantly between 
microcosms containing and lacking the inhibitor. By day 14 methane quantities within pH 7.0 
microcosms lacking and containing CH3F were 1.94 (±0.19) and 0.51 (±0.14) mmoles 
respectively (Figure 6.19A). At pH 10.0 methane quantites were 0.39 (±0.06) and 0.34 (±0.09) 
mmoles on day 14 in the absence and presence of the inhibitor respectively (Figure 6.19A). 
These differences are assumed to be due to inhibition of the acetoclastic pathway, which is 
supported by the fact that acetate consumption was hindered in the presence of CH3F at pH 7.0 
(Figure 6.19B). Upon inoculation acetate quantites within pH 7.0 microcosms were 1.59 
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(±0.07) and 1.46 (±0.05) mmoles in the absence and presence of CH3F respectively (Figure 
6.19B). By day 14 the amount of acetate had decreased to 0.39 (±0.1) in pH 7.0 microcosms 
lacking the inhibitor, in contrast microcosms incubated under CH3F had 1.46 (±0.1) mmoles of 
acetate remaining by the end of the incubation period (Figure 6.19B), suggesting acetate 
consumption was stunted. Within pH 10.0 microcosms acetate quantites decreased from 1.56 
(±0.04) mmoles upon inoculation to 1.31 (±0.04) by day 14 in the absence of CH3F, in contrast 
acetate within pH 10.0 microcosms incubated in the presence of the inhibitor increased from 
1.39 (±0.03) mmoles on day 0 to 1.74 (±0.1) mmoles on day 14 (Figure 6.19B). Since methane 
quantites within pH 10.0 microcosms were similar in the presence and absence of CH3F (Figure 
6.19A), the very low amounts of acetate consumption observed at pH 10.0 in the absence of 
the inhibitor must have been a result of SAO, which supports the community analysis 
undertaken in Section 6.2.1 where hydrogenotrophic methanogens dominated (Figure 6.6). 
Hydrogen consumption remained largely unaffected by the addition of CH3F (Figure 6.19C), 
suggesting that any methane generated in microcosms containing methyl fluoride was derived 
from hydrogenotrophic metabolism, despite a small amount of lag in the presence of methyl 
fluoride (Figure 6.19C).  
The quantity of methane generated in uninhibited microcosms (total methane) subtracted from 
the quantity of methane generated in inhibited microcosms (methane from H2/CO2) can be used 
to determine the amount of acetate-derived methane (326). 73.8% (±4.4) of methane within pH 
7.0 microcosms was derived from acetate, with the remaining 26.2% (±4.4) coming from 
H2/CO2 (Figure 6.20). In contrast only 13.3% (±9.2) of the methane at pH 10.0 was derived 
from acetate and 86.7% (±9.2) derived from H2/CO2 (Figure 6.20). This supports the 
microcosm chemistry and community analysis undertaken in Sections 6.2 and 6.3, which 
suggested little to no acetoclastic methanogenesis was present at pH 10.0. It is perhaps 
surprising that the inhibition studies demonstrated as much as 13.3% of methane was being 
derived from acetate at pH 10.0, however the addition of CH3F did marginally impact hydrogen 
consumption rates (Figure 6.19C) which could be obscuring these calculations. Methyl fluoride 
can also inhibit hydrogenotrophic methanogenesis at concentrations above 1% (v/v) (327). 
Additionally methyl fluoride does degrade over time (327) and so its inhibitory effects may 
have worn off towards the end of the incubation period. Nevertheless the inhibitor studies 
presented here do support the notion that hydrogenotrophic methanogenesis dominates at high 




Figure 6.19. Methane, acetate and hydrogen quantites within pH 7.0 and 10.0 
microcosms employing the control sediments in the presence (+CH3F) and absence (-




Figure 6.20. Percentage of methane derived from acetate and H2/CO2 at pH 7.0 and 10.0 
within microcosms employing control site sediments.    
6.4.2 Lime Site Microcosms 
 
Microcosms employing the alkaline sediments were able to generate methane at pH 7.0 and 
10.0 in the presence and absence of CH3F (Figure 6.21A). At pH 7.0 an average of 0.075 
(±0.086) and 0.084 (±0.097) mmoles of methane was generated by day 14 in the absence and 
presence of the inhibitor respectively (Figure 6.21A). Within pH 10.0 microcosms an average 
of 0.19 (±0.05) and 0.25 (±0.04) mmoles of methane was produced by day 14 in reactors 
lacking and containing CH3F respectively (Figure 6.21A). Hydrogen and acetate consumption 
was not significantly affected by the addition of methyl fluoride under both pH values tested 
(Figure 6.21BC). Within pH 7.0 microcosms the average acetate quantites in the absence and 
presence of CH3F upon inoculation were 1.42 (±0.11) and 1.37 (±0.045) respectively. The 
quantity of acetate within pH 7.0 microcosms reduced to 0.93 (±0.056) and 0.79 (±0.077) 
mmoles by day 14 in microcosms lacking and containing the inhibitor respectively (Figure 
6.21B). Hydrogen quantites reduced throughout the incubation period at pH 7.0 and 10.0 within 
microcosms containing and lacking CH3F at similar rates, suggesting hydrogenotrophic 
metabolism was unaffected by the addition of the inhibitor (Figure 6.21C). Although the 
differences were marginal, methane quantites within microcosms containing CH3F were 
slightly elevated compared with reactors lacking the inhibitor, therefore calculating the 
percentage of methane derived from H2/CO2 yielded values of >100%. Acetate consumption 
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was evident in both inhibited and uninhibited microcosms, suggesting syntrophic acetate 
oxidation was present in these reactors. This also confirms the lack of acetoclastic 
methanogenesis in the pH 7.0 and 8.0 microcosms fed solely with acetate discussed  in Section 
6.3.2.  
 
Figure 6.21. Methane, acetate and hydrogen quantites within pH 7.0 and 10.0 
microcosms employing the alkaline sediments in the presence (+CH3F) and absence (-
CH3F) of methyl fluoride.   
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6.5 Old Lime and Steel Enrichments at pH 7.0 and 10.0 
 
Since all the alkaline microcosms (pH ≥10.0) developed from the Control site and New Lime 
sites described in Sections 4.2, 4.3 and 4.4 all demonstrated a clear preference for the 
hydrogenotrophic pathway, the study was expanded to include the Old Lime sites and Steel 
sites in order to determine whether this trend was ubiquitous to different environments. As 
discussed in Chapter 5, the Steel site sediments had a comparable methanogen community to 
the Control site sediments prior to the development of enrichment cultures, where a number of 
acetoclastic genera were identified. The sediments retrieved from the Old Lime (LK1-5) and 
Steel sites (CW, CS, RC, SC) were used to develop hydrogenotrophic (H2/CO2-fed) and 
acetoclastic (acetate-fed) enrichment cultures at pH 7.0 and 10.0 after sub-culturing out the 
inoculating sediments. Substrate consumption and methane generation was measured in these 
sub-cultures and the methanogen community was analysed in any microcosms positive for 
methanogenesis using 16S rRNA gene sequencing technologies.  
6.5.1 Old Lime Microcosms at pH 10.0 
 
The initial acetate quantites within acetate-fed microcosms was 1.83 (±0.06, n=2), 1.96 (±0.06, 
n=2), 1.98 (±0.13, n=2), 1.84 (±0.17, n=2) and 1.93 (±0.012, n=2) mmoles for sites LK1, LK2, 
LK3, LK4 and LK5 respectively (Figure 6.22A). Following the 56 day incubation period the 
final acetate quanities within the same microcosms was 2.01 (±0.03, n=2), 1.98 (±0.04, n=2), 
2.14 (±0.26, n=2), 1.89 (±0.06, n=2) and 2.00 (±0.097, n=2) for sites LK1, LK2, LK3, LK4 
and LK5 respectively (Figure 6.22A). This suggests little to no acetate was consumed during 
the incubation period. To support the lack of measurable acetate consumption, no methane was 
detected in the acetate-fed microcosms operating at pH 10.0 when employing the Old Lime 
sediments (Figure 6.22C). In contrast, hydrogen was removed from the headspace of the 
H2/CO2-fed microcosms operating at pH 10.0 employing the Old Lime sediments within 8 
weeks (Figure 6.22B), compared with unamended controls, suggesting hydrogen was being 
consumed via microbial activity. Initial hydrogen quantites within the H2/CO2-fed microcosms 
were 1.97, 1.92, 1.85, 2.04 and 1.85 mmoles for sites LK1, LK2, LK3, LK4 and LK5 
respectively (Figure 6.22B). No hydrogen was detected within the headspace of these cultures 
after 56 days incubation. Methane was detected in the headspace of all H2/CO2-fed microcosms 
operating at pH 10.0 employing the Old Lime sediments (Figure 6.22D). By day 56 average 
methane quantites were 0.25 (±0.19, n=2), 0.15 (±0.015, n=2), 0.09 (±0.086, n=2), 0.11 
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(±0.078, n=2) and 0.21 (±0.12, n=2) mmoles for sites LK1, LK2, LK3, LK4 and LK5 
respectively (Figure 6.22D). The methanogen community within the active H2/CO2-fed 
microcosms at pH 10.0 were dominated by hydrogenotrophic methanogens of the genus 
Methanoculleus, which represented 99.9 %, 76.0 %, 99.9 %, 91.2 % and 81.9 % of the total 





Figure 6.22. Microcosm chemistry in acetate-fed and H2/CO2-fed Old Lime microcosms at pH 10.0. [A] Acetate quantities, [B] hydrogen 




Figure 6.23. Genus-level methanogen composition of H2/CO2-fed microcosms operating at pH 10.0 employing the Old Lime sediments. 
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6.5.2 Old Lime Microcosms at pH 7.0 
 
In contrast to the pH 10.0 microcosms employing the Old Lime sediments (Section 6.5.1), a 
number of the pH 7.0 microcosms fed solely with acetate were capable of methanogenesis 
(Figure 6.24). The initial acetate quantities within the acetate-fed microcosms was 2.78 (±0.15, 
n=2), 2.15 (±0.39, n=2), 2.85 (±0.28, n=2), 2.26 (±0.40, n=2) and 2.25 (±0.13, n=2) mmoles 
for sites LK1, LK2, LK3, LK4 and LK5 respectively (Figure 6.24A). Within site LK1, LK3 
and LK5 microcosms, the final acetate quantities by day 56 were 0.89 (±0.59, n=2), 0.92 
(±0.13, n=2) and 0.85 (±0.71, n=2) mmoles respectively, suggesting acetate was being 
consumed within these reactors (Figure 6.24A). Hydrogen was removed from all H2/CO2-fed 
microcosms within the 56 day incubation period (Figure 6.24B). Within the microcosms where 
acetate showed evidence of consumption, methane was consequently generated (Figure 6.24C), 
suggesting the acetate in these reactors was being converted to methane. All reactors supplied 
with H2/CO2 were capable of methanogenesis (Figure 6.24D). 
Although acetate-fed pH 7.0 microcosms showed evidence of acetoclastic methanogenesis 
based on the microcosm chemistry (Figure 6.25), methanogens capable of acetoclastic 
methanogenesis only represented a minority of the overall population, however the percentage 
of reads attributed to the metabolically diverse genus Methanosarcina did increase compared 
to pH 10.0 and 7.0 microcosms fed with H2/CO2. Both acetate-fed and H2/CO2-fed microcosms 
were dominated by members of the genus Methanoculleus, a strictly hydrogenotrophic 
methanogen. The ability of these methanogens to maintain a significant population in the 
absence of supplied H2/CO2 suggests SAO was present in these systems. Within the acetate-
fed systems, the potentially acetate-utiising genus Methanosarcina represented 23.7 %, 9.5 % 
and 16.7 % of the total archaea 16S rRNA gene reads within site LK1, LK3 and LK5 
microcosms (Figure 6.25A), which does suggest acetoclastic methanogenesis was functioning 
alongside SAO. In contrast this genus was largely absent from H2/CO2-fed systems operating 
at pH 7.0 and 10.0. This suggests the Methanosarcina were contributing to acetoclastic 
methanogenesis at pH 7.0, but were unable to metabolise acetate at pH 10.0. Surprisingly, the 
genus Methanomassiliicoccus was an important part of the archaeal community within pH 7.0 
microcosms fed with H2/CO2 (Figure 6.25B). Although the genus Methanomassiliicoccus uses 
hydrogen as electron donor, which explains the high H2 consumption rates in these systems, 
this genus uses methanol as TEA and not CO2 for ATP synthesis (329). Therefore 
Methanomassiliicoccus is likely to be contributing to the methylotrophic pathway in these 
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reactors, rather than the hydrogenotrophic pathway. Although methanol was not supplied as 
substrate in these reactors, the increased levels of sediment materials in these microcosms 
compared to the pH adapt reactors (Section 6.2, 6.3 and 6.4) suggests the inoculating materials 




Figure 4.24. Microcosm chemistry within acetate-fed and H2/CO2-fed microcosms operating at pH 7.0 employing the Old Lime 
sediments. [A] Acetate quantities within acetate-fed microcosms, [B] hydrogen quantities within H2/CO2-fed microcosms, [C] methane 




Figure 6.25. Genus-level composition of acetate-fed and H2/CO2-fed microcosms 
employing the Old Lime sediments at pH 7.0. [A] Acetate-fed microcosms, [B] H2/CO2-
fed microcosms. 
 
At pH 7.0 acetate and hydrogen were consumed at an average rate of 22.2 (±5.9, n=10) and 
63.2 (±6.2, n=10) µmoles day-1 respectively (Figure 6.26). At pH 10 the average consumption 
rates for acetate and hydrogen were 0.0 (±0.0, n=10) and 42.2 (±8.6, n=10) µmoles day-1 
respectively. This suggests acetate consumption rates were highest under neutral-pH 
conditions, with no acetate consumption detected at pH 10.0. In contrast, hydrogen was 
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consumed at both pH 7.0 and 10.0, with lower consumption rates observed under alkaline 
conditions (Figure 6.26). 
 
Figure 6.26. Acetate and hydrogen consumption rates within microcosms employing the 
Old Lime sediments at pH 7.0 and 10.0.  
 
6.5.3 Steel Microcosms at pH 7.0 and 10.0 
 
In similar fashion to the Old Lime microcosms (Section 6.5.1 and 6.5.2), reactors employing 
the Steel sediments operating at pH 10.0 were incapable of generating methane when fed solely 
with acetate, however high acetate-consumption and methane production rates were observed 
at pH 7.0 (Figure 6.27). Within the acetate-fed microcosms at pH 7.0 and 10.0 the initial acetate 
quantities across these microcosms was 1.47 (±0.09, n=10) and 1.41 (±0.08, n=10) mmoles 
respectively (Figure 6.27AB). By day 56 the average acetate quantites were 0.07 (±0.06, n=10) 
and 1.66 (±0.16, n=10) mmoles at pH 7.0 and 10.0 respectively (Figure 6.27AB), suggesting 
the rate of acetotrophy increased significantly under neutral-pH conditions. The consumption 
of acetate in pH 7.0 microcosms resulted in the generation of high quantities of methane that 
were stoichiometrically balanced with acetoclastic methanogenesis (Figure 6.28). Both pH 7.0 
and 10.0 microcosms were capable of hydrogen consumption and methane production within 




Figure 6.27. Chemistry within acetate-fed and H2/CO2-fed microcosms employing the Steel sediments at pH 7.0 and 10.0. [A] Acetate-fed 




Figure 6.28. Measured and theoretical methane production within pH 7.0 acetate-fed 
microcosms employing the Steel sediments. Error bars represent standard deviation (n=10). 
 
The methanogen community was analysed within pH 7.0 acetate-fed and pH 10.0 H2/CO2-fed 
microcosms. The pH 7.0 acetate-fed microcosms were dominated by the acetate-utilising genus 
Methanosarcina across all microcosms, indicating the potential for acetate-dependent 
methanogenesis to be available in these systems. This adds confidence to the stoichiometric 
calculations discussed previously (Figure 6.28) which suggested acetoclastic methanogenesis 
was proceeding under these conditions. In contrast, the pH 10.0 H2/CO2-fed microcosms were 
dominated by members of the strictly hydrogenotrophic genus Methanobacterium, with the 
genus Methanosarcina only present in low abundance within 2 of the 10 microcosms. Since 
the genus Methanosarcina dominated all of the neutral-pH microcosms, but were unable to 
generate methane from acetate at pH 10.0 or maintain a population within the H2/CO2-fed 
microcosms, this suggests the acetoclastic population in the Steel sediments are neutralophilic. 
This is in agreement with the Control site microcosms (Section 6.2.1 and 6.3.1) where 
Methanosarcina dominated under neutral-pH conditions when acetate was supplied, but were 
replaced by Methanobacterium genera under alkaline conditions in the presence of both acetate 
and H2/CO2. The enrichment cultures developed from the Steel sites had similar methanogenic 
communities and methane production potentials as the Control site microcosms, which is likely 
to be due to the similar methanogen communities present in the sediments from these sites 
(Chapter 5). Both Steel and Control sites harboured methanogens capable of acetoclastic 
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methanogenesis prior to being cultured in the laboratory. The seasonal pH variation 
demonstrated by the Steel sites could be resulting in an increased acetoclastic population within 
these environments (see Chapter 5), which is resulting in their ability to be cultured in the 
laboratory under neutral-pH conditions.  
 
 
Figure 6.29. Genus-level composition of methanogen enrichment cultures at pH 7.0 and 
10.0. [A] pH 7.0 genus-level methanogen community, [B] pH 10.0 genus-level methanogen 
community. At pH 7.0 the acetoclastic Methanosarcina dominated, at pH 10.0 the 




Figure 6.30. Average percentage of 16S rRNA gene reads attributed to the acetoclastic 
genus Methanosarcina within pH 7.0 and 10.0 methanogenic microcosms employing the 
Steel sediments. The percentage of reads for Methanosarcina increased significantly at pH 






The development of methanogen enrichment cultures from neutral-pH and alkaline sediments 
was undertaken in this study and the utilisation of methanogenic pathways was analysed over 
a range of pH values. Within the CDP-fed microcosms employing the neutral-pH sediments 
ISA degradation led to the generation of fermentative conditions which allowed for 
downstream methanogenesis to take place between pH 7.0-10.0. Highest quantities of methane 
were generated within pH 7.0 and 8.0 microcosms, where both acetoclastic and 
hydrogenotrophic methanogens of the genera Methanosarcina and Methanobacterium were 
detected. High acetate consumption rates were observed within pH 7.0 and 8.0 microcosms, 
however the rate of acetate consumption reduced significantly at pH 9.0 and became 
undetectable at pH 10.0. The acetoclastic population (Methanosarcina) was lost as the pH 
within microcosms was gradually increased which correlated well with the rate of acetate 
consumption. Although acetate-derived methane was largely absent at pH 10.0, hydrogen-
driven methanogenesis was still able to proceed under these conditions. High methane 
production at pH 7.0 and 8.0 is therefore a result of two methanogenic pathways being active, 
in contrast only hydrogenotrophic metabolism was present above pH 9.0. Inhibition of the 
acetoclastic pathway using methyl fluoride confirmed the lack of acetate-derived methane at 
pH 10.0.  
Microcosms employing the alkaline sediments from the lime-contaminated sites (B, H and T) 
appeared to have a strong preference for hydrogenotrophic metabolism at all pH values. The 
degradation of ISA within CDP-fed microcosms allowed methanogenesis to proceed between 
pH 7.0-11.0, one pH unit higher than microcosms employing the neutral-pH sediments. These 
microcosms were dominated by hydrogenotrophic methanogens of the genera Methanoculleus 
and Methanobacterium, however a small proportion of potentially acetoclastic Methanosarcina 
were also present as the minority of the population regardless of pH. Hydrogen consumption 
and methane production was optimal at pH 9.0 suggesting the methanogenic populations from 
these sites are alkaliphilic. Methane was generated in pH 7.0 and 8.0 microcosms fed solely 
with acetate, however stoichiometric calculations and the use of methyl fluoride suggests 
acetate was being converted to H2/CO2 via syntrophic acetate oxidation, rather than being 
converted to methane. Further microcosms developed from the Old Lime and Steel sediments 
demonstrated similar methane production potentials at pH 7.0 and 10.0, where the acetoclastic 
population (Methanosarcina) became more dominant under neutral-pH conditions but was 
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replaced by a strictly hydrogenotrophic community (Methanobacterium and Methanoculleus) 
under alkaline conditions.  
The lack of acetoclastic methanogenesis in alkaline (pH >9.0) microcosms could be a result of 
the high pH conditions of the sites which selected against acetate-consuming methanogens as 
seen within the microcosms employing the Control sediments. The dissociation of acetic acid 
under alkaline conditions could be hampering the ability of acetoclastic methanogens to 
actively transport this substrate into the cell. Additionally, the Methanosarcinales are the only 
order of methanogen to contain cytochromes, which synthesise ATP by simultaneously 
generating Na+ and H+ gradients across the membrane. Since H+ ions will be extremely limited 
under alkaline conditions, this could be impeding the ability of cytochrome-containing 
methanogens to survive and grow at high pH. In contrast, hydrogenotrophic species lack 
cytochromes and only translocate Na+ ions for the generation of electrochemical gradients and 
ATP synthesis, which could give them an advantage when surviving under alkaline conditions.  
Overall the data shown here suggests that pH is an important environmental factor affecting 
biological methane generation. The relative contribution of methanogenic substrates to 
methane generation within an ILW-GDF is an important consideration for the assessment of 
the repositories long term safety and performance. The potential for methanogens to be active 
at alkaline pH values has important implications for the generation of gases within an ILW-
GDF. Numerous alkali-tolerant sediment consortiums have been obtained and characterised 
within this study, all of which have the potential to generate methane from hydrogen and carbon 
dioxide at high pH. These locally sourced microbial communities showed no ability to generate 
methane from acetate at pH values expected within the near-field of an ILW-GDF, although 
acetoclastic methanogenesis was observed under more neutral-pH conditions. The data shown 
here suggests that the acetoclastic pathway will be unavailable under conditions relevant to the 






7.0 Calcium Carbonate as a Potential 
Substrate for Hydrogenotrophic 







Methanogens surviving within the near-field of a cementitious repository for ILW may not 
have access to CO2 due to alkaline carbonation reactions (6), although significant quantities of 
highly insoluble calcium carbonates (calcite and aragonite) are likely to be present due to the 
precipitation of CO2 at high pH (6). Hydrogen is expected to be generated during the evolution 
of an ILW-GDF through corrosion processes (6) and potentially via fermentation of the 
cellulosic materials as described previously (23, 24, 304). To the authors knowledge, the use 
of highly insoluble carbonates by methanogens has only been studied once previously (236), 
where pure cultures demonstrated the ability to generate methane via the hydrogenotrophic 
pathway from both calcium and magnesium carbonate. The work carried out by Kral et al., 
(2014) concluded that methanogenesis was able to proceed from these highly insoluble 
carbonates due to the generation of small amounts of carbon dioxide. The CO2 generated via 
the reversible reaction of carbonates in solution was enough to drive low rates of methane 
generation, however these studies were confined to neutral pH values (6.9-8.4), where CO2 
availability will be higher than under alkaline conditions.  
The data outlined in this chapter seeks to determine whether the methanogenic populations 
developed from the alkaline sites in Chapter 6 were able to utilise two types of calcium 
carbonate (CaCO3 powder and marble) for hydrogenotrophic methanogenesis at pH 10.0 in the 
absence of externally supplied CO2. Under these conditions CO2 availability is likely to be 
extremely limited. Furthermore, the cement-based grout NRVB, which is a potential 
backfilling material within an ILW-GDF (6), was used to provide an inorganic carbon source 
for the methanogens after sorption of CO2 onto its surface. The consumption of hydrogen and 
generation of methane in microcosms supplied with different forms of calcium carbonate was 
analysed via gas chromatography. Amplicon sequencing via the Illumina MiSeq platform was 
used to describe the methanogenic populations. A wide-range of imaging supplemented the 
study, including SEM, CLSM and FISH which was employed to visualise the methanogen 
communities growing in association with the carbonate minerals as well as analysing the 
formation of calcium carbonate on the NRVB surfaces. Geochemical modelling via PHREEQC 
was performed to determine the availability of CO2 under the conditions of these experiments. 
Surface area tests were undertaken to determine the impact this property may have on calcium 
carbonate solubility and methane generation rates. DIC measurements were taken to observe 
the movement of inorganic carbon between the solid and liquid phase of cultures.  
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7.2 Reactor Chemistry 
 
7.2.1 Headspace Gas Analysis 
 
Microcosms containing a sterile, chemically-reducing mineral media were supplemented with 
either calcium carbonate powder, marble chips or pre-carbonated NRVB and inoculated under 
a headspace of either H2/N2 (10:90) (test reactors), H2/CO2/N2 (10:10:80) (positive control) or 
N2 only (negative control). In order to ensure methanogenesis was not proceeding from 
fermentation pathways, further negative control microcosms were inoculated under a 100% 
nitrogen headspace without the addition of supplementary carbon. Abiotic control microcosms 
containing H2/N2 (10:90) headspace were also run alongside the test experiments to assess 
hydrogen leakage during headspace gas sampling. The methanogenic reactors described 
previously (Chapter 6) developed from the New Lime (B, H, T), Old Lime (LK1-5) and Steel 
sites (CW, CS, RC, SC), which were operating at pH 10.0 and fed with H2/CO2, were used as 
inoculum for this study.  
Within the test reactors lacking external CO2, headspace hydrogen quantities immediately after 
inoculation were 3.45 mmol. (±0.21), 3.31 mmol. (±0.24) and 3.36 mmol. (±0.046) for 
microcosms containing calcium carbonate powder, marble chips and pre-carbonated NRVB 
respectively (Figure 7.1). Over the 42 day incubation period, headspace hydrogen quantities 
decreased within all test reactors amended with calcite under a H2/N2 headspace compared with 
abiotic controls (Figure 7.1), indicating hydrogen was being consumed through microbial 
action. Hydrogen consumption rates were 67.2 (±3.93), 49.9 (±4.78) and 74.4 (±1.56) µmoles 
day-1 within microcosms supplemented with CaCO3 powder, marble chips and pre-carbonated 
NRVB respectively (Figure 7.2). This indicates reactors supplemented with marble chips 
demonstrated the lowest rates of hydrogenotrophic metabolism and those containing NRVB 
had the highest rates. Not all hydrogen was consumed over the 42 day incubation period. 
Positive control reactors that were supplied with both H2 and CO2 in the headspace showed 
higher rates of hydrogen consumption (244.2 µmoles day-1 ±7.1) compared with all test reactors 
where CO2 was omitted (Figure 7.1), suggesting the addition of CO2 was enhancing hydrogen 
consumption rates.  
Methane was generated within all test reactors containing CaCO3 powder, marble chips and 
pre-carbonated NRVB under a H2/N2 headspace, and in positive controls where CO2 was 
supplied in the headspace (Figure 7.1). In contrast, negative controls with 100% nitrogen 
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headspace were incapable of methane generation, suggesting hydrogen was necessary for 
methanogenesis to take place and fermentation pathways were absent. Within the test reactors 
methane quantities reached highest average values on day 42 of 0.36 (±0.11), 0.28 (±0.16) and 
0.69 (±0.064) mmoles in microcosms supplemented with CaCO3 powder, marble chips and 
pre-carbonated NRVB respectively, with these differences likely to be a result of the varied 
hydrogen consumption rates (Figure 7.2).  
 
Figure 7.1. Headspace gas analysis of calcite-supplemented microcosms. Headspace 
hydrogen and methane quantities within microcosms supplied with CaCO3 powder [A], 
marble chips [B] and pre-carbonated NRVB [C]. Positive controls (+Ve) were supplied with 




Figure 7.2. Hydrogen consumption and methane generation rates of microcosms 
containing calcium carbonates. Error bars represent standard deviation (Powder n=24, 
Marble n=24, NRVB n=3). 
 
7.2.2 Dissolved Inorganic Carbon Analysis 
 
DIC was analysed within biotic and abiotic microcosms supplemented with CaCO3 powder, 
marble chips and pre-carbonated NRVB under a H2/N2 headspace. Upon inoculation no DIC 
could be detected within inoculated microcosms and abiotic controls (Figure 7.3). Within the 
abiotic control reactors, DIC concentrations increased throughout the 42 day incubation period 
and reached highest levels on day 42 of 55.1 (±8.3), 25.2 (±4.2) and 112.5 (±14.2) mg L-1 
within reactors supplemented with CaCO3 powder, marble chips and pre-carbonated NRVB 
respectively (Figure 7.3). The steadily increasing concentration of DIC measured within abiotic 
reactors is assumed to be a result of calcium carbonate dissolution via the following reactions: 
CaCO3 ↔ Ca
2+ + CO3
2-      ref (236) 
CO3
2- + H+ ↔ HCO3
-       ref (236) 
HCO3
- + H+ ↔ H2CO3      ref (236) 
H2CO3 ↔ CO2 + H2O       ref (236) 
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DIC also increased initially within the biotic microcosms, however the concentration of 
inorganic carbon never reached the highest values observed within abiotic reactors, which 
suggests inorganic carbon was being removed via microbial activity. Within the biotic 
microcosms supplemented with CaCO3 powder, highest average DIC values were observed on 
day 21 of 14.6 ppm (±19.2), with the average DIC values decreasing to 4.4 ppm (±4.9) by day 
42 (Figure 7.3A). Biotic reactors supplemented with marble chips had highest average DIC 
values of 11.2 ppm (±6.5) on day 21, reducing to <2 ppm by day 42 (Figure 7.3B). Average 
DIC values within biotic microcosms containing NRVB increased to 25.7 ppm (±8.2) on day 




Figure 7.3.  Dissolved inorganic carbon concentrations within pH 10.0 microcosms 
supplemented with calcium carbonates. [A] Calcium carbonate powder, [B] marble chips, 
[C] pre-carbonated NRVB. Also shown is abiotic control reactors under the same conditions. 
Error bars represent standard deviation (n=24 for [A] and [B], n=3 for [C]). 
7.2.3 Surface Area Testing 
 
The surface area of the CaCO3 powder, marble chips and NRVB used in the microcosm 
experiments was analysed since this property can impact solubility. NRVB had the highest 
surface area of 132.6 m2 g-1 and the marble chips had the lowest surface area of <3 m2 g-1, with 
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the CaCO3 powder fitting in between these two values (3.8 m
2 g-1) (Table 7.1). The variation 
in DIC concentration observed in Section 7.2.2 (Figure 7.3) and hydrogen consumption rates 
measured in Section 7.2.1 (Figure 7.2) correlates well with the surface area of these minerals, 
with the highest rates of hydrogen consumption, methane generation and DIC concentration 
coming from reactors supplemented with NRVB. Lowest hydrogen consumption rates, 
methane generation and DIC concentrations were observed within reactors supplemented with 
marble chips, which had the lowest surface area. It is unknown whether the methanogens used 
in this study are directly using precipitated CaCO3 as a carbon source for hydrogenotrophic 
metabolism, or whether these microorganisms are relying on the dissolution of CaCO3 to 
HCO3
- and CO2. However this could be an important area of future research. It is known that 
autotrophic methanogens are capable of utilising CO2 and HCO3
- as carbon sources (75), 
however their use of CO32- and CaCO3 has not yet been demonstrated. Since the surface area 
of the mineral impacted the rate of methanogenesis in this study, this provides limited evidence 
that the methanogens were relying on the generation of bicarbonate and carbon dioxide from 
the dissolution of calcite in solution. Furthermore, it could be speculated that the bacterial 
component of the community is altering the chemistry of the calcite surface and thereby 
releasing soluble inorganic carbon which can be used downstream by autotrophic 
methanogens. It has been shown previously that alkaliphilic members of the 
Betaproteobacteria are capable of autotrophic growth on calcium carbonate and hydrogen at 
pH 11.0 under aerobic conditions (235), and there is no reason to believe this process cannot 
be undertaken by methanogens under the anaerobic conditions employed in this study.  
Table 7.1. Surface area testing. Shows surface area of marble chips, CaCO3 powder and 
pre-carbonated NRVB used during the calcite experiments.  
 
  
Sample Mass of sample / g BET surface area / m2g-1 
Marble Chips 0.3011 < 3 
CaCO3 Powder 0.3017 3.8 
NRVB 0.3024 132.6 
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7.2.4 Volatile Fatty Acid Analysis 
 
Acetate was generated in biotic microcosms supplemented with CaCO3 powder, marble chips 
and NRVB under a H2/N2 headspace, with no VFA’s detected in abiotic reactors or biotic 
reactors maintained under 100% nitrogen headspace (Figure 7.4). Highest acetate 
concentrations were observed on day 42 of 1.65 mM (±0.56), 1.69 mM (±0.81) and 4.65 mM 
(±1.04) in reactors supplemented with CaCO3 powder, marble chips and NRVB respectively. 
Biotic reactors inoculated under a 100% nitrogen headspace showed no evidence of 
acetogenesis, suggesting acetate generation was dependent on the presence of hydrogen and 
was independent from fermentation processes. Autotrophic homoacetogenesis is a likely 
explanation for the generation of acetate, which involves the reduction of CO2 or HCO3
- to 
acetate using H2 as electron donor: 
2CO2 + 4H2 → CH3COOH + 2H2O      (330) 
2HCO3
− + 4H2 + H
+ → CH3COO
− + 4H2O     (331) 
It has been suggested previously that hydrogenotrophic methanogens generally outcompete 
homoacetogens for molecular hydrogen in the absence of TEA’s (e.g. sulphate) (332), however 
in low temperature environments homoacetogens tend to dominate (333, 334). No VFA’s other 
than acetate were detected throughout the incubation period, further suggesting fermentation 
processes were absent, since other VFA’s such as propionic and butyric acids are common 
fermentation end-products (335). The detection of methane and acetate within the microcosms 
suggests calcium carbonate and hydrogen are able to support at least two microbial pathways 
at pH 10.0, namely methanogenesis and homoacetogenesis. Since acetate concentrations 
continually increased throughout the incubation period (Figure 7.4) and hydrogen was 
consumed from the headspace (Figure 7.1), methane generation appeared to arise via the 
hydrogenotrophic pathway in similar fashion to the microcosms described in Chapter 6. 






Figure 7.4. Volatile fatty acid analysis of calcite microcosms. Acetate concentrations 
within pH 10.0 microcosms supplemented with CaCO3 powder, marble chips or pre-
carbonated NRVB, alongside abiotic control reactors under the same conditions. Error bars 




The pH of the microcosms was monitored throughout the 42 day incubation period. Upon 
inoculation the average pH within microcosms amended with CaCO3 powder, marble chips 
and NRVB was 10.04 (±0.09), 10.01 (±0.05) and 10.02 (±0.04) respectively (Figure 7.5). The 
average pH decreased within the first 7 days to 9.47 (±0.2), 9.53 (±0.3) and 9.76 (±0.08) within 
reactors supplied with calcium carbonate powder, marble chips and NRVB respectively and 
was therefore adjusted to pH 10.0 (±0.2) with sodium hydroxide. The lowest pH values were 
detected in reactors amended with marble chips, where the lowest pH of 9.43 (±0.32) was 
observed on day 21. This reduction in pH could be a result of carbonic acid formation via the 
dissolution of carbonates in solution (see Section 7.2.2), or due to the generation of volatile 




Figure 7.5. Bulk pH of calcite-supplemented microcosms. Shows the average pH of 
microcosms before adjustment to pH 10.0 with 4M NaOH. Error bars represent standard 
deviation (Powder n=24, Marble n=24, NRVB n=3). 
 
7.2.5 PHREEQC Modelling 
 
The availability of inorganic carbon species under the conditions of these experiments between 
pH 7.0-12.0 was determined via PHREEQC analysis. At pH 10.0 the concentration of CO2, 
HCO3
- and CO3
2- was calculated to be 1.1x10-3 ppm, 4.86 ppm and 3.03 ppm respectively, 
suggesting CO2 concentrations will be relatively low but still available (Figure 7.6, Table 7.2). 
The dominant carbon species detected in the DIC measurements (Figure 7.3) will therefore be 
the bicarbonate and carbonate ions under the conditions of these experiments. Since the bulk 
pH of the microcosms reduced below pH 10.0 at stages of the incubation period (Figure 7.5), 




Figure 7.5. PHREEQC modelling of dissolved inorganic carbon at various pH values. 
Showing the concentration of carbon species between pH 7.0-12.0. 
 
Table 7.2. Dissolved inorganic carbon species at various pH values based on PHREEQC 












7.00 7.9x10-1 23.6 9.9x10-2 24.5 
8.00 1.1x10-1 13.1 2.3x10-1 13.4 
9.00 1.4x10-2 7.8 6.3x10-1 8.4 
10.00 1.1x10-3 4.9 3.03 7.9 
11.00 8.2x10-5 2.4 10.01 12.5 
12.00 8.1x10-7 3.8x10-1 26.43 26.8 
 
7.3 Archaeal Community Analysis 
 
The archaeal community was analysed within all methanogenic microcosms amended with 
CaCO3 powder, marble chips and NRVB after DNA extraction and sequencing of the 16S 
rRNA gene via the Illumina MiSeq platform. The bacterial community could not be analysed 
due to low DNA yields. All microcosms supplied with CaCO3 powder were dominated by the 
genus Methanobacterium regardless of which site the microcosm originated from (Figure 
7.6A). Pure cultures of this genus have been shown to use hydrogen and carbon dioxide for 
growth (313, 336, 337) and a number of alkaliphilic strains have been isolated from biogas 
202 
 
plants and alkaline lakes previously (312, 338). Small proportions of reads attributed to the 
genera Methanosarcina, Methanoculleus and Methanomassiliicoccus were also detected 
within microcosms originating from the Lime sites (B, H, T, LK1-5) when supplemented with 
CaCO3 powder (Figure 7.6A). Although members of the Methanosarcina are capable of 
acetoclastic and methylotrophic methanogenesis (51, 339), they have also been shown to use 
H2/CO2 for growth (340), making them extremely versatile methanogens. Although acetate was 
generated and present within microcosms, no acetate consumption was detected, suggesting 
the Methanosarcina here were contributing to hydrogenotrophic methane generation. 
Methanoculleus species are strictly hydrogenotrophic (318, 319, 329) and have been identified 
in a range of environments, including wetland soil (318), paddy field soil (319) and oil fields 
(341), however no alkaliphilic species have been identified to date. The genus Methanocalculus 
was only detectable in microcosms originating from the Steel sites (CW, CS, RC, SC) which 
is an important methanogen within saline environments (342), with a number of alkaliphilic 
species being isolated from alkaline soda lakes previously (91, 343).  
The majority of microcosms supplemented with marble chips had a similar methanogen 
community compared with reactors amended with CaCO3 powder, however the percentage of 
reads attributed to the genera Methanosarcina, Methanoculleus and Methanomassiliicoccus 
increased within microcosms originating from the Lime sites (Figure 7.6B). Surprisingly a 
small percentage of reads attributed to the potentially acetoclastic genus Methanosaeta were 
also detected within microcosms supplemented with marble chips originating from site H 
(11.4%) and site T (1.9%), which could indicate the acetoclastic pathway was also active, even 
though no acetate consumption was observed and therefore substrate utilisation was minimal. 
The genus Methanosaeta was only detectable in 2 of the 12 reactors containing marble chips 
and could not be detected in any microcosms containing CaCO3 powder or NRVB, suggesting 
acetoclasts were the minority of the overall methanogenic population and hydrogenotrophic 
methanogens dominated. The significant change in methanogen populations in lime-site 
reactors containing marble chips compared with those containing CaCO3 powder could not be 
accounted for, however the pH of reactors containing marble chips underwent significant 
changes during the incubation due to the low buffering capacity of the media, which could be 




Triplicate microcosms amended with NRVB had a very similar methanogen community 
(Figure 7.6C), dominated by Methanosarcina, Methanoculleus and Methanomassiliicoccus 
genera. All these genera have been discussed above.  
The differences in archaea community between microcosms amended with CaCO3 powder, 
marble chips and NRVB was analysed via PCA (Figure 7.7). Microcosms containing CaCO3 
powder and NRVB clustered very close together, however reactors amended with marble chips 
had a much wider distribution of methanogens (Figure 7.7). Marble and NRVB are not pure 
forms of calcite (CaCO3) and contain other minerals such as pyrite (FeS2) which could be 
improving the growth rate of Methanosarcina, Methanoculleus and Methanomassiliicoccus 
species. The activity of Methanosarcina and Methanoculleus has been shown to be influenced 
by trace elements previously (344) and iron is a very important metal for enzymatic pathways 
in methanogenesis (345). Although trace elements were supplied to the growth media, the 
marble chips and NRVB may be providing Methanosarcina, Methanoculleus and 
Methanomassiliicoccus species with growth factors that were not included in the media, 
however further work is required to substantiate this.  
Previous studies have shown that high bicarbonate concentrations can negatively impact 
acetoclastic methanogenesis and reduce numbers of Methanosarcinales (346), which are the 
only order of methanogens capable of acetate metabolism (52). Since PHREEQC analysis 
suggests the dominant carbon species present at pH 10.0 are the bicarbonate and carbonate ions 
(Figure 7.5), this could be leading to an inhibition of acetoclastic methane generation. 
Microcosms supplied with marble chips demonstrated the lowest DIC concentrations due to 
the minerals low surface area (Table 7.1), leading to lower amounts of bicarbonate and 
carbonate ions in solution compared with the CaCO3 powder and NRVB, which could explain 
the detection of the genus Methanosaeta within these reactors. However it has recently been 
suggested that Methanosaeta are also capable of hydrogenotrophic metabolism via direct 
interspecies electron transfer (347). This notion agrees with the chemistry within microcosms 
where no acetate consumption was observed and therefore the detection of Methanosaeta 
genera within the marble chip amended microcosms could still be a result of their ability to 






Figure 7.6. Archaeal community analysis of calcite microcosms. Genus-level archaeal 
community within pH 10.0 microcosms supplemented with CaCO3 powder [A], marble chips 




Figure 7.7. PCA of archaeal communities from calcite-amended microcosms.  
 
7.4 Carbonation Analysis 
 
7.4.1 Phenolphthalein Staining 
 
The NRVB incubated under CO2 used in the microcosm experiments was tested for evidence 
of carbonation via phenolphthalein staining which indicates high pH (pink) and low pH (white) 
areas (Figure 7.8). Low pH areas are an indication of carbonation due to the formation of 
carbonic acid (348). The surface of NRVB maintained under nitrogen was basic (Figure 7.8A) 
signified by its pink colour after staining. In contrast NRVB incubated under an atmosphere of 
CO2 had a lower pH surface indicated by the colourless stain (Figure 7.8B). The inner surfaces 
of the NRVB remained alkaline however (Figure 7.8CD), suggesting CO2 was unable to 




Figure 7.8. Carbonation analysis of NRVB via phenolphthalein staining. [A] Outer surface 
of NRVB incubated under nitrogen, [B] outer surface of NRVB incubated under CO2, [C and 




The morphology of the inner and outer abiotic NRVB surfaces was analysed via SEM after 
incubation under CO2. Outer surfaces had more sharp needle-like crystalline structures 
compared with inner surfaces (Figure 7.9). The needle-like structures observed on the outer 
surfaces had a similar morphology to aragonite (349), with inner surfaces having a similar 
morphology to calcite (349). EDS of these surfaces suggested calcium, carbon and oxygen 
were present in high quantities (Figure 6.10), potentially indicating the presence of aragonite 





Figure 7.9. SEM investigation of NRVB. Scanning electron micrographs of inner [A] and 





Figure 7.10. EDS investigation of inner and outer NRVB surfaces. [A] SEM of inner NRVB 
surface, [B] EDS of inner NRVB surface, [C] SEM of outer NRVB surface, [D] EDS of outer 




Figure 7.11. SEM investigation of biotic NRVB after incubation under methanogenic 




XRD patterns of the inner and outer NRVB surfaces were very similar when compared with 
the CaCO3 powder (Figure 6.12), suggesting calcium carbonate was present on both the inner 
and outer layer of the NRVB.  However, the marble chips had a different XRD pattern, 









7.5.1 5-Colour CLSM 
 
Suspected biofilm materials were removed from the NRVB surfaces after incubation in the 
microcosm experiments and viewed via CLSM to analyse any organic components present. A 
range of organic polymers were detected within the suspected biofilm materials, including 
lipids, sugars, proteins, eDNA and cells (Figure 7.13). The homoacetogen Clostridium 
ljungdahlii and the methanogens Methanobrevibacter smithii, Methanosphaera stadtmanae, 
Methanosarcina mazei have all been shown to be capable of biofilm formation previously (350, 
351).  
Filamentous eDNA scaffolding was detected within the biofilm materials attached to the 
NRVB (Figures 7.13BD), which have a similar appearance and width to eDNA produced by 
Pseudomonas species observed previously (352). This eDNA framework is likely to be 
contributing to the stability and structure of the biofilm as described previously (353, 354). The 
eDNA component of biofilms has been shown to promote acidification of the local 
environment (355), which could be resulting in a pH reduction of the outer NRVB surface as 
described in Section 7.4.1 (Figure 7.8) and a lower bulk pH as described in Section 7.2.5 
(Figure 7.5). This could also offer acetoclastic species with a niche site for improved growth 
as seen in the pH adaption study in Chapter 6. Furthermore, this could also explain the increased 
detection of Methanosarcina genera within the NRVB and marble chip amended reactors 
(Figure 7.6).  
Organic biofilm materials were also detected on the surfaces of the NRVB when directly 
viewed via CLSM (Figure 7.14). This suggests microorganisms were growing in close 
association with the NRVB, where carbonate minerals were detected (Section 7.4). It could be 
speculated that microorganisms aggregating on the surface of the calcite minerals are reducing 
the pH of the local environment via the generation of a proton gradient, thereby releasing 
soluble carbonates which convert to bicarbonate (due to the lower pH niche) which become 
available for autotrophic metabolism, however more work is required to substantiate this claim. 
The detection of organic polymers and biofilm materials in these microcosms despite the lack 
of organic carbon present in the growth media suggests autotrophic metabolism alone 
supported the development of biofilm on the calcite surfaces. The formation of biofilm by 
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autotrophs could further support downstream processes by bacteria, such as those capable of 
metabolising proteins (356).  
 
Figure 7.13. CLSM investigation of biofilm materials taken from NRVB reactors. 5-
colour confocal scanning laser microscopy images of methanogenic biofilm taken from the 




Figure 7.14. CLSM investigation of biotic NRVB.  5-colour confocal scanning laser 
microscopic image of NRVB chip with biofilm formed on the surface. Showing protein 
(green), lipids and hydrophobic sites (yellow), sugars (red), polysaccharides (blue) together 












FISH was carried out in order to visualise the presence of archaea and bacteria within the 
biofilm materials attached to the NRVB surfaces. Although the probe used was universal to all 
archaea, only methanogenic archaea could be identified within the microbial community in 
Section 7.3 (Figure 7.6). FISH confirmed the presence of methanogenic archaea within the 
aggregates formed on the NRVB surface (Figure 7.15). A significant proportion of Eubacteria 
were also detected on the NRVB surfaces.  
 
Figure 7.15. FISH investigation of biotic materials attached to NRVB. Fluorescence in 
situ hybridisation images of methanogenic biofilm taken from the surface of NRVB. Biofilm 
materials removed from NRVB surfaces are shown [A-C], alongside biofilm materials diluted 





Mixed cultures of methanogens harvested from near-surface alkaline sediments were capable 
of generating methane using highly insoluble calcium carbonate as a carbon source at pH 10.0. 
Methane quantities increased within all microcosms supplied with calcium carbonate and 
hydrogen, in contrast negative controls lacking carbonate and/or hydrogen showed no 
measurable methanogenesis. The rate of methane generation and hydrogen consumption was 
influenced by the type of calcium carbonate used, with the surface area of the mineral in 
question affecting these rates. No CO2 was detected in the headspace of methanogenic 
microcosms, however geochemical modelling via PHREEQC suggested that at equilibrium 
very low amounts of CO2 would be generated by these carbonates at pH 10.0, although the 
dominant carbon species present would be HCO3
- and CO3
2-. The dissolved inorganic carbon 
species were consumed by the methanogenic population, further indicating the potential for 
autotrophic growth via consumption of calcium carbonate. All microcosms were dominated by 
methanogens capable of hydrogenotrophic methanogenesis, including the genera 
Methanobacterium and Methanoculleus, although small proportions of the metabolically 
diverse genus Methanosarcina and the strictly acetoclastic genus Methanosaeta were detected, 
indicating the potential for acetoclastic methanogenesis, despite the lack of measurable acetate 
consumption. Phenolphthalein, SEM and XRD analysis suggested the NRVB underwent 
carbonation during incubation with CO2, signified by the low pH areas formed on the surface, 
the detection of calcium, carbon and oxygen via EDS and the morphology of the minerals and 
the XRD patterns. Organic biofilm materials were detected on the surface of the NRVB, 
suggesting the microorganisms were growing in close association with the carbonate minerals 
and were capable of attachment to the cement surface, with the formation of eDNA scaffolding 
possibly improving biofilm attachment. Archaea were detected within the biofilm materials 
formed on the NRVB surface via FISH, further confirming the growth of methanogens within 
close association to the calcite minerals.  
Calcite has been identified as an important mineral within the near-field of an ILW-GDF, and 
the data shown here suggests it could provide methanogens with a carbon source for 
hydrogenotrophic metabolism, so long as molecular hydrogen is available. Alongside 
methanogenesis, microcosms also showed evidence of homoacetogenesis, signified by the 
generation of acetate in reactors supplemented with calcite and hydrogen gas. The combination 
of H2 and calcite therefore has the potential to provide both hydrogenotrophic and acetoclastic 
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methanogens with substrate for metabolism, however hydrogenotrophic metabolism was 
evidently the dominant pathway within this study. Overall this data suggests that inorganic and 
highly insoluble calcium carbonate is able to support both homoacetogenesis and 
methanogenesis at pH 10.0, which could have a significant impact on gas generation within the 





8.0 Development of Sulphate-reducing 
and Methanogenic Biofilms on Steel 







Microcosms developed from the New Lime site B sediments operating at pH 10.0 under 
sulphate-reducing conditions and fed with CDP were used as inoculum to develop biofilm on 
stainless steel surfaces at pH 11.0. Previous work has demonstrated methanogenic activity at 
pH 11.0 in planktonic culture (24) and biofilm systems (304), however to the authors 
knowledge sulphate-reduction at pH 11.0 has never been demonstrated under laboratory 
conditions. Earlier work utilising sediments from site B suggest sulphate reduction above pH 
10.0 is not viable in planktonic culture (115), although studies into the alkaline soda lakes have 
measured sulphate-reducing activity above pH 10.5 (357) and pure cultures of alkaliphilic SRB 
have demonstrated growth at pH 10.5 (358). The formation of biofilm has been shown to 
facilitate microbial survival under extreme conditions (125) and could ease the environmental 
stresses associated with high pH. The generation of sulphide within a GDF has the potential to 
enhance the corrosion of any steel materials present, such as the steel canisters used to contain 
the waste, therefore an active sulphate-reducing community could impact the long-term 
performance of such a facility.  
8.2 Results and Discussion 
 
8.2.1 CDC Biofilm Reactor Bulk Chemistry 
 
CDC biofilm reactors were inoculated under methanogenic (no TEA’s) and sulphate-reducing 
conditions (amended with sulphate) and incubated for 3 months under a two-weekly waste/feed 
cycle. Under both methanogenic and sulphate-reducing conditions all three forms of ISA 
showed evidence of microbial degradation compared to abiotic control reactors (Figure 8.2A). 
ISA first order rate constants are shown in Table 8.1 and remained similar under both 
conditions tested, suggesting the rate of fermentation was not impeded by the addition of 
sulphate. The generation of acetate and hydrogen via the degradation of ISA suggests 
fermentation pathways were active within the reactors as previously reported (24), with no 
acetate or hydrogen detected in abiotic reactors. The ISA degradation rates observed here were 
comparable with those reported previously using neutral-pH soils (23) and alkaline sediments 
(24) in planktonic culture. 
Methane was generated in reactors lacking sulphate (Figure 8.2B), with highest quantities 
detected on day 84 of 0.25 mmoles. However, methanogenesis was inhibited in reactors 
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amended with sulphate, suggesting the presence of a dissimilatory sulphate-reduction pathway 
competing for common fermentation end products. The microcosms used as inoculum in this 
study were operating under sulphate-reducing conditions, suggesting the methanogens were 
co-existing with SRB and could only be detected in the absence of sulphate. The co-existence 
of SRB and methanogens has been observed previously (359), however the survival of the 
methanogens within the inoculating reactors could not be accounted for, with no spore-forming 
methanogens described in the literature. It is possible that methane was generated at 
undetectable levels (<1% v/v) within the sulphate-reducing microcosms. Regardless, methane 
generation rates were inhibited in the presence of sulphate in this study. The fermentation of 
ISA to acetate and hydrogen has the potential to drive methanogenesis, however the 
consumption of hydrogen and accumulation of acetate (Figure 8.2BC) within methanogenic 
reactors suggests the hydrogenotrophic pathway was responsible for the methane generated. 
Hydrogen was also consumed in sulphate-amended reactors (Figure 8.2B), indicating the 
presence of a hydrogenotrophic sulphate-reducing community competing for molecular 
hydrogen with methanogens. Autotrophic and hydrogen-consuming SRB have been identified 
previously (360, 361).  
Acetate provides a potential carbon source for SRB (361) and this could account for the low 
rates of consumption observed under sulphate-reducing conditions (Figure 8.2C). The 
generation of acetate via ISA fermentation could also be masking consumption rates further. 
The competition for substrates between SRB and methanogens has been investigated 
previously (362-364), with many of these studies suggesting SRB outcompete methanogens 
for hydrogen and acetate.  
Sulphate was removed at a steady state within sulphate-amended reactors, which coincided 
with the generation of dissolved sulphide, with no sulphate and negligible sulphide 
concentrations detected in methanogenic reactors (Figure 8.2D). On average 60.7 mg (±3.8) of 
sulphate was lost between days 70-84, which equates to a removal rate of 4.34 mg day-1 (±0.27). 
Dissolved sulphide concentrations in sulphate amended reactors increased from 46.2 mg/L on 
day 70 to 49.2 mg/L on day 84. Sulphate showed no signs of degradation within abiotic 
reactors, suggesting sulphate in the biotic systems was removed via microbial activity. All 
reactors remained alkaline throughout the testing period, with the lowest pH value recorded at 
10.81 and highest at 11.14 (Figure 8.1).  
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Although previous studies undertaken on the Harper Hill site using acetate and lactate as 
electron donors suggest sulphate-reduction above pH 10.0 is not viable (115), CDP was used 
as substrate for this study and therefore could provide a wider range of electron donors, such 
as hydrogen from fermentation, and allow for sulphate-reduction to take place under the 
conditions imposed here. Furthermore the products of fermentation are likely to provide 
electron donors in concentrations more in line with that seen in the natural environment and 
reduce the potential for substrate inhibition.  
 
Table 8.1. ISA degradation rate constants. Average ISA degradation rates under 
methanogenic and sulphate-reducing conditions at pH 11.0 (n=2). 
 
 
Figure 8.1. Bulk liquid pH of CDC biofilm reactors. Shows CDC biofilm reactor bulk pH 
values under methanogenic and sulphate-reducing conditions, alongside abiotic control 
reactors.
ISA Rate (day-1) Standard Deviation 
Alpha 7.7x10-2 1.4x10-2 
Beta 1.0x10-1 3.5x10-3 




Figure 8.2. CDC biofilm reactor bulk chemistry under sulphate-reducing and methanogenic conditions at pH 11.0. Showing ISA 
concentration (A), headspace gas quantities (B), acetate concentration (C) and dissolved sulphate/sulphide concentration (D) under 
methanogenic (-SO4) and sulphate-reducing (+SO4) conditions.  The final 2 weeks of the 3-month incubation period are shown. Error bars 
represent standard deviation (n=2). 
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8.2.2 Biofilm Micro-profiling 
 
8.2.2.1 pH Profiles 
 
In order to determine the internal pH of the sulphate-reducing biofilm formed on the steel 
coupons after 3 months’ incubation, triplicate pH profiles were undertaken using a micro-pH 
electrode (Dia. 10 µm) connected to a motorised micro-manipulator. The profiling revealed a 
range of low-pH microsites within the internal surface of the biofilm (Figure 8.3). At the time 
of sampling the bulk liquid pH within sulphate-reducing reactors and abiotic control reactors 
was 11.17 (±0.02) and 11.06 (±0.002) respectively. The significant pH changes observed in the 
biotic experiments as the electrode neared the steel surface were assumed to be a result of the 
micro-electrode entering the biofilm matrix, substantiated by the fact that no significant shifts 
in pH were observed in abiotic controls or in the bulk liquid of the biotic experiments. The pH 
values within the internal surface of the biofilm fluctuated significantly across the replicate 
profiles, suggesting the biofilms were heterogeneous. The pH reached a minimum value of 
9.70, 10.26 and 10.24 in triplicate profiles, equating to a reduction of 1.47, 0.91 and 0.93 pH 
units respectively. However the pH did not continually drop at increasing depth through the 
biofilm, possibly due to external bulk liquid entering the biofilm matrix due to damage caused 
by the electrode during profiling. Nevertheless, the pH always remained lower in the biofilm 
compared to the bulk fluid in all replicate profiles. This large drop in pH could be attributed to 
the generation of metabolic acids, such as acetate, via fermentation, or could be due to the 
properties of the EPS components (365). Previous work developing biofilms on silicate 
surfaces using soil bacteria have measured pH changes between the biofilm and bulk fluid as 
high as 1.2 pH units using micro-electrodes (366). The bacterial species Burkholderia 
brasiliensis has been shown to produce acidic exopolysaccharides (367), indicating a potential 
route for the development of low pH microsites within the biofilms studied here. The lower pH 
sites detected in the biofilm offer a niche site for improved microbial activity compared to bulk 
fluid conditions.  
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Figure 8.3. pH profiles of sulphate-reducing biofilm at pH 11.0. Shows triplicate pH profiles 
(A-C) in 10 µm increments of the bulk liquid and solid biofilm materials formed on steel 
surfaces after 3 months incubation under sulphate-reducing conditions. Abiotic control 





8.2.2.2 H2 Profiles 
 
Hydrogen profiles of both sulphate-reducing and methanogenic biofilms were undertaken 
using a H2 micro-sensor. Under both conditions no dissolved hydrogen could be detected 
within the bulk fluid (lower detection limits >1 µM), however H2 was detected within the 
internal surface of both the methanogenic and sulphidogenic biofilms (Figure 8.4). Hydrogen 
concentrations increased sharply within the upper layers of the methanogenic biofilm, reaching 
highest values of 5.61µM and 21.1µM in duplicate profiles. However H2 concentrations 
decreased in the lower layers of the methanogenic biofilm and became undetectable at the steel 
surface. The detection of H2 within the biofilm could be a marker for fermentation and suggests 
the majority of the microbial activity was present within the upper layers of biofilm in the 
methanogenic systems. In contrast, H2 concentrations continued to increase at depth within the 
sulphate-reducing biofilms, with highest concentrations (71.8 µM) detected within close 
proximity to the steel surface. Previous studies detected comparable hydrogen concentrations 
within hypersaline microbial mats using micro-sensors (368). The high H2 concentrations 
observed at the biofilm/steel interface under sulphate-reducing conditions could be a result of 
anaerobic corrosion via the following reactions:  
3Fe + 4H2O → Fe3O4↓ + 4H2↑ 
Fe + 2H2O → Fe(OH)2↓ + H2↑      ref (369) 
3Fe(OH)2 → Fe3O4↓+ 2H2O + H2↑ 
SRB are capable of producing hydrogen sulphide via the oxidation of molecular hydrogen: 
4 H2 + SO4
2− → HS− + 3 H2O + OH
−      ref (370)  
The generation of sulphide results in the precipitation of free iron to form iron (II) sulphide: 
Fe2+ + HS− → FeS↓ + H+       ref (371) 
Fe2+ + S2- → FeS↓        
The equilibrium concentration of iron ions can be calculated from the solubility product 
constants (Ksp). The production of H2S leads to the formation of HS
− and S2- ions in alkali 
solution resulting in a decrease of free iron due to the precipitation of FeS. The production of 
FeS results in further dissolution of iron from the passive layer until the equilibrium 
concentration is reached, resulting in corrosion of the steel surface.   
225 
 
Hydrogen produced via fermentation or anaerobic corrosion appears to diffuse immediately to 
the headspace of the reactors studied here, since no H2 could be detected in the bulk liquid 
phase of the reactors. The production of EPS limited the diffusion of hydrogen and allowed for 
its detection within the biofilm matrix. It is important to note that the H2 micro-sensor used in 
this study is sensitive to H2S (368) and therefore sulphide produced in the sulphate-reducing 
systems could be obscuring the hydrogen profiles measured here. Future work employing the 
sulphide micro-sensors could corroborate this further.   




Figure 8.4. H2 profiles of sulphate-reducing and methanogenic biofilm at pH 11.0. Shows sulphate reducing and methanogenic dissolved 
hydrogen profiles of the bulk liquid and solid biofilm materials formed on steel surfaces after 3 months incubation.
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8.2.2.3 Redox Profiles 
 
The reduction potential of bulk liquid and biofilms within sulphate-reducing and methanogenic 
systems was determined using a redox micro-electrode (Figure 8.5). Both biotic and abiotic 
profiles revealed the reactors were under chemically reducing conditions, with the average 
redox potential within the bulk fluid for abiotic, sulphate-reducing and methanogenic systems 
was -358.6 mV (±3.61 n=100),   -377.5 mV (±0.76 n=100) and 378.3 mV (±1.53 n=100) 
respectively. Within the sulphate-reducing and methanogenic biofilms the average redox was 
-378.9 mV (±0.76 n=50) and -377.0 mV (±1.53 n=50) respectively, indicating the differences 
in redox potential between bulk fluid and biofilms was negligible (<2 mV). The development 
of chemically reducing conditions is an important factor in anaerobic respiratory processes, 
with methanogens reportedly requiring a redox potential between -200 mV to -400 mV for 
growth (372), suggesting the conditions imposed in this study were favourable. The generation 
of hydrogen via fermentation or through anaerobic corrosion could account for the differences 





Figure 8.5. Redox profiles of sulphate-reducing and methanogenic biofilm at pH 11.0. Shows sulphate reducing and methanogenic redox 
profiles of bulk liquid and biofilms alongside abiotic controls after incubation for 3 months. 
229 
 
8.2.3 Biofilm Characterisation 
 
8.2.3.1 Scanning Electron Microscopy 
 
The morphology and coverage of the sulphate-reducing and methanogenic biofilms formed on 
steel surfaces was investigated via SEM. Under both conditions micrographs revealed cocci 
and bacilli shaped microbial cells embedded in EPS-like structures (Figures 8.6 and 8.7). The 
steel coupons were not completely colonised by biofilm and discs retrieved from methanogenic 
reactors were particularly sparse (Figure 8.7C), potentially suggesting cells were surviving in 
close proximity to bulk fluid conditions. Based on the SEM images microbial cells were 
relatively low in number and the EPS appeared to account for the majority of biomass, 
particularly within the sulphate-reducing experiments (Figure 8.6D). Previous work has shown 
that microorganisms develop biofilm at a higher rate on grade 304 stainless steel compared to 
grade 316 (373). The biofilms studied here had a similar appearance to previous work 





Figure 8.6. SEM investigation of sulphate-reducing biofilm. Shows scanning electron 
micrographs of biofilm formed on grade 304 (A-C) and 316 (D-F) steel surfaces after 3 month 





Figure 8.7. SEM investigation of methanogenic biofilm. Shows scanning electron 
micrographs of biofilm formed on grade 304 (A-B) and 316 (C-D) steel surfaces after 3 month 







8.2.3.2 Confocal Laser Scanning Microscopy 
 
In order to visualise the individual EPS components, 5-colour CLSM imaging was undertaken 
and revealed biofilms to be comprised of a range of extracellular polymers, including 
polysaccharides, proteins, sugars, lipids and eDNA, alongside a cellular component (Figures 
8.8 & 8.9). Lipids and protein were the predominant polymers detected within both the 
sulphate-reducing and methanogenic biofilms (Figure 8.10) which will contribute to their 
hydrophobicity and limit the diffusion of chemical species. The high lipid content and the 
buffering capacity of the protein component (375) could account for the lower pH micro-sites 
detected within the biofilm matrix (Figure 8.3). Polysaccharides were detected predominantly 
at the interface between the biofilm/steel surface and could be providing cells with a 
mechanism of adhesion and attachment as shown previously (376). The sulphate-reducing 
biofilms appeared to be relatively heterogeneous (Figure 8.11), which could account for the 
variability observed across replicate pH profiles in Section 8.2.2.1. Biofilm matrix proteins 
have also been shown to provide cells with a mechanism of adhesion (377) and a thin layer of 
protein was observed on the steel surfaces taken from methanogenic reactors (Figure 8.12). In 
contrast steel coupons retrieved from sulphate-reducing reactors had a thin layer of 
polysaccharides coating the surface (Figure 8.13), with these differences likely to be a result of 







Figure 8.8. 5-colour CLSM investigation of sulphate-reducing biofilm. Shows individual 
EPS components of sulphate-reducing biofilm formed on steel after 3 months incubation, 
including SEM image (A) and fluorescence imaging (B-D). Polysaccharides (blue), eDNA and 
cells (pink), lipids (yellow), protein (green) and sugars (red). Images shown are 
polysaccharides together with eDNA and cells (B). Protein, together with lipids and sugars (C). 




Figure 8.9. 5-colour CLSM investigation of methanogenic biofilm. Shows individual EPS 
components of methanogenic biofilm formed on steel after 3 months incubation, including 
SEM image (A) and fluorescence imaging (B-D). Polysaccharides (blue), eDNA and cells 
(pink), lipids (yellow), protein (green) and sugars (red). Images shown are polysaccharides 






Figure 8.10. 5-colour CLSM investigation of sulphate-reducing and methanogenic biofilms.  Shows 5-colour 2.5D image of biofilm formed 
on steel surface after 3 months incubation period under sulphate-reducing (A) and methanogenic (B) conditions at pH 11.0. X and Y axis 
represents the steel surface and peak height represents distance from the steel surface. Yellow – lipids, blue – polysaccharides, green – protein, 




Figure 8.11. 5-colour CLSM investigation of sulphate-reducing biofilm. Shows 5-colour 
Z-stack 3D fluorescence image of biofilm formed on steel surface after incubation for 3 months 
under sulphate-reducing conditions at pH 11.0. Yellow – lipids, blue – polysaccharides, green 




Figure 8.12. 5-colour CLSM investigation of methanogenic biofilm. Shows 5-colour z-stack 
image of biofilm formed on steel surface after 3 month incubation under sulphate-reducing 
conditions at pH 11.0 (±0.2). (A) steel surface, (B-H) increasing height above steel surface. 




Figure 8.13. 5-colour CLSM investigation of sulphate-reducing biofilm. Shows 5-colour 
Z-stack image of biofilm formed on steel surface after 3 month incubation under methanogenic 
conditions at pH 11.0 (±0.2). (A) steel surface, (B-F) increasing height above steel surface. 






8.2.4 Microbial Community Analysis 
 
8.2.4.1 16S rRNA Gene Sequencing 
 
DNA was extracted and sequenced from the bulk liquid of methanogenic and sulphate-reducing 
systems, along with biofilms formed on grade 304 and 316 steel in order to analyse the 
microbial community. Members of the Firmicutes and Proteobacteria were the dominant phyla 
within all communities analysed, however the proportion of reads attributed to these varied 
across biofilm and bulk microbiomes (Figure 8.14). Bulk liquid communities were similar at 
the Phylum-level under both methanogenic and sulphate-reducing conditions, with Firmicutes 
representing 81% and 79% of the total reads respectively. However the proportion of 
Firmicutes reads reduced significantly in the biofilm community under both conditions and 
gave way to an increase in Proteobacteria, Bacteroidetes and Actinobacteria (Figure 8.14).  
Actinobacteria were only detected within the sulphate-reducing biofilms and represented 13% 
and 14% of the community on grade 304 and 316 steel respectively, however this phylum was 
absent from the bulk microbiome, possibly due to the more extreme conditions. Actinobacteria 
species have demonstrated the ability to generate extracellular polysaccharides previously 
(378), which could explain the detection of polysaccharides on the steel surfaces under 
sulphate-reducing conditions explained in Section 8.2.3.2. Actinobacteria have been detected 
in extreme environments previously (379), however the lack of this phylum within the 
methanogenic biofilms could only be explained by their tolerance to high sulphide 
concentrations. Previous work has shown that marine bacteria demonstrate variable responses 
to high sulphide concentrations (380), which could account for the differences seen between 
methanogenic and sulphate-reducing communities profiles in this study.  
Although SRB are found in several phylogenetic lines, including the Firmicutes (381), 
Nitrospirae (382), Thermodesulfobacteria (383) and Euryarchaeota (92), all of the SRB 
identified in this study were members of the Proteobacteria phylum, Deltaproteobacteria class 
and Desulfonatronum genus, suggesting their importance in alkaline systems, with selection 
pressures possibly resulting in the absence of SRB from other lineages. All identified species 
within the Desulfonatronum genus are alkaliphilic (384-388) and many of these are capable of 
utilising hydrogen as electron donor (386-388) and have even demonstrated autotrophic growth 
(384) which verifies the consumption of H2 within sulphate-reducing reactors and explains the 
inhibition of methanogenesis. This also confirms the assertion that methanogenesis was 
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proceeding via the hydrogenotrophic pathway. Furthermore, pure cultures of Desulfonatronum 
zhilinae have demonstrated growth at pH 10.5 (387), eliminating the possibility that sulphate-
reduction above pH 10.0 will not be viable within the near-field of an ILW-GDF. A small 
proportion of 16S rRNA gene reads were attributed to SRB under methanogenic conditions, 
with 0.14%, 0.51% and 0.16% of reads comprising the 304 biofilm, 316 biofilm and bulk liquid 
respectively. However the percentage of SRB reads increased significantly in reactors amended 
with sulphate to 18.0%, 18.4% and 10.1% of the 304 biofilm, 316 biofilm and bulk liquid 
respectively (Figure 8.15). The detection of SRB within the methanogenic reactors could be 
attributed to their ability to act as fermenters (389). Furthermore, DNA sequencing does not 
represent an active community profile and therefore the SRB reads detected within 
methanogenic reactors could be a result of carry-over from the inoculating reactors. 
Preliminary attempts to extract RNA from the biofilms in order to generate cDNA and 
demonstrate an active community profile were unsuccessful. The significant increase in SRB 
reads under sulphate-reducing conditions does however verify the presence of classical 
dissimilatory sulphate-reducing pathways in the sulphate-amended reactors.  
Methanogens were detected within reactors lacking sulphate and represented 0.17%, 4.39% 
and 0.12% of the total community in 304 biofilms, 316 biofilms and bulk liquid respectively 
(Figure 8.15). However using the same primers, no methanogens were detected within 
sulphate-amended reactor biofilms or bulk liquid, further confirming the absence of 
methanogenesis in the presence of sulphate. Hydrogenotrophic methanogens dominated the 
archaeal 16S reads and the strictly acetoclastic genus Methanosaeta was absent from the 
community, which is in line with the bulk chemistry outlined in Section 8.2.1 where acetate 
concentrations increased and hydrogen was consumed. The metabolically diverse genus 
Methanosarcina was the dominant methanogen within the biofilm formed on grade 316 steel 
(Figure 8.15), however the strictly hydrogenotrophic Methanobacterium dominated the biofilm 
on grade 304 steel and the bulk liquid microbiome. The large increase in methanogen reads 
detected within the biofilm formed on grade 316 steel either indicates biofilms were 
heterogeneous or that grade 316 steel provided a more amenable surface for biofilm formation. 
Grade 316 stainless steel contains a higher proportion of nickel and molybdenum than grade 
304 (390), which could account for the variation seen across biofilm communities in this study. 
Previous studies have suggested that nickel can enhance biofilm formation (391).  
Rarefaction curves (Figure 8.16A) showed that sampling reached saturation and rank 
abundance curves (Figure 8.16B) indicated a diverse microbial community in both biofilms 
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and bulk liquid. The number of valid reads and OTU’s increased within the bulk liquid under 
both methanogenic and sulphate-reducing conditions (Table 8.2), with the Shannon index 
correspondingly revealing an increase in diversity. Goods Coverage values showed that >99% 
of OTU’s were detected, with Ace and Chao1 values also indicating an increase in microbial 
diversity within the bulk liquid (Table 8.2). Principle components analysis showed that both 
biofilm and bulk communities under sulphate-reducing conditions clustered closely together 
(Figure 8.17A), however methanogenic communities were highly dissimilar, with heat-maps 
suggesting these variations were due to Proteobacteria, Bacteroidetes and Euryarchaeota 
(Figure 8.17B). Independent t-tests confirmed the variation in communities between 
methanogenic and sulphate-reducing conditions (Figure S8.1) and between biofilms and bulk 
phases (Figure S8.2). Independent t-tests revealed Proteobacteria (P=0.023), Actinobacteria 
(P=0.017), Synergistetes (P=0.016) and Euryarchaeota (P=0.016) were significantly different 
when comparing methanogenic and sulphate-reducing communities, with no differences in 
Firmicutes (P=0.168) and Bacteroidetes (P=0.055).  The differences between bulk liquid and 
biofilm communities was due to variation in the phyla Actinobacteria (P=0.000) and 






Figure 8.14 Phylum-level community analysis of methanogenic and sulphate-reducing 
biofilms and bulk liquid at pH 11.0. Showing phylum-level composition of methanogenic 
biofilms on grade 304 steel (A), 316 steel (B) and bulk liquid (C), along with sulphate-
reducing biofilms on grade 304 steel (D), 316 steel (E) and bulk liquid (F). ETC group 





Figure 8.15. Genus-level community analysis of methanogenic and sulphate-reducing 
biofilms and bulk liquid at pH 11.0. Showing genus-level composition of archaea (A) and 





Figure 8.16. Rarefaction and rank abundance curves of biofilms and bulk communities 
under sulphate-reducing and methanogenic conditions. (A) Rarefaction curves showed 










Table 8.2. Alpha diversity statistics of biofilms and bulk communities under sulphate-
reducing and methanogenic conditions. Species richness and biodiversity increased within 















304SD CDP 46115 1010 1017.9 1010.4 2.96 99.9 
316SD CDP 44709 2087 2109.4 2088.7 4.75 99.7 
Bulk CDP 59099 2385 2395.5 2385.3 5.10 99.9 
304SD 
CDP+SO4 
40865 1585 1590.4 1585.2 4.10 99.9 
316SD 
CDP+SO4 
37086 1441 1447.3 1441.4 3.99 99.9 
Bulk 
CDP+SO4 





Figure 8.17. Principle components analysis and heat-map of steel disk biofilm and bulk 
liquid communities.   
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8.2.4.2 Fluorescence In situ Hybridisation 
 
FISH was carried out on sulphate-reducing biofilms to confirm the presence of SRB and to 
determine the community structure. The probes used to visualise the individual phyla were 
specific for the Firmicutes, Bacteroidetes and Deltaproteobacteria class, since these lineages 
were all detected within the sulphate-reducing biofilms as described in Section 8.2.4.1. All 
SRB’s detected in the community analysis were members of the Deltaproteobacteria class and 
Desulfonatronum genus. Furthermore, a general Eubacterial probe was used to visualise the 
SRB growing in association with the other phyla present. Visualisation of the 
Deltaproteobacteria revealed rod-shaped cells growing individually and in chains within the 
biofilm matrix, alongside Eubacteria (Figure 8.16ABC). SRB appeared to be growing in close 
association with the Firmicutes (Figure 8.17) which are likely candidates for fermentation 
processes within the biofilm (23). The growth of SRB in close proximity with fermentative 
species would give them easy access to electron donors (i.e. hydrogen and acetate) for 
respiration. Furthermore, the detection of fermentative bacteria within the internal biofilm 
architecture further supports the assumption that acetate production is resulting in the 
generation of low pH sites mentioned in Section 8.2.2.1 and the SRB were growing in 
association with these lower pH niches. Interestingly, the Bacteroidetes appeared to be 
concentrated on the periphery of the biofilm (Figure 8.17), with Proteobacteria and Firmicutes 
focused within the centre, suggesting a syntrophic community structure was present. Since the 
majority of SRB were detected within the centre of the biofilm surrounded by dense clusters 
of cells, this will provide an additional barrier to the more extreme bulk fluid conditions and 





Figure 8.16. FISH investigation of sulphate-reducing biofilms. Showing distribution of 
Deltaproteobacteria (Blue) and Eubacteria (Red) throughout the sulphate-reducing biofilm. 
(A) Deltaproteobacteria only, (B) zoomed image of rod-shaped Deltaproteobacteria chains, 




Figure 8.17. FISH investigation of sulphate-reducing biofilms. Shows Bacteroidetes 
(Red), Proteobacteria (Blue) and Firmicutes (Green) within biofilms grown on steel surfaces 
under sulphate-reducing conditions at pH 11.0.  
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8.2.5 Steel Surface Characterisation 
 
8.2.5.1 Scanning Electron Microscopy 
 
The ability of the sulphate-reducing and methanogenic biofilms to corrode grade 304 and 316 
steel was analysed. The biofilm materials were removed from the steel coupons via a nitric acid 
wash for surface characterisation via SEM, with abiotic control disks undergoing the same 
washing step to eliminate bias. Morphological characterisation of surfaces via SEM revealed 
significant differences between biotic coupons incubated under sulphate-reducing conditions 
and abiotic controls (Figure 8.18). Abiotic coupons incubated under the same conditions as 
biotic experiments had an identical morphology to disks received on shipment (Figure 
8.18AB), with smooth surfaces and no evidence of pitting corrosion, suggesting the 
experimental conditions did not solely impact surface morphology. Abiotic coupons incubated 
under high sulphide concentrations (10X greater than sulphate-reducing reactors) for the same 
time period showed evidence of corrosion (Figure 8.18CD), signified by the porous nature of 
the surface and by the presence of small (dia. <5 µm) pits. Interestingly, dark pitted areas were 
also detected on the surfaces of biotic coupons incubated under sulphate-reducing conditions 
(Figure 8.18EF), however the quantity and diameter of pits was significantly reduced compared 
to positive controls, presumably due the difference in sulphide concentration. The pits observed 
in this study had a similar morphology to previous work investigating MIC of grade 304 and 
316 stainless steel using Bacillus and Geobacillus species as biofilm formers (392). Grade 304 
steel appeared to have a larger number of pits compared to 316 steel (Figure 8.18EF), with 
these differences likely to a result of the composition of steel. Previous work has demonstrated 
that steel corrosion resistance increases due to the presence of molybdenum as alloy (393), 
which could explain the reduced number of pits formed on grade 316 steel compared to grade 
304 in this study. The morphology of disks retrieved from methanogenic reactors were 
comparable with negative controls (Figure S8.3), suggesting the corrosion observed in this 




Figure 8.18. Steel surface characterisation. Scanning electron micrographs of steel surfaces 
after incubation under sulphate-reducing at pH 11.0 for 3 months. Shown are negative control 
abiotic coupons grade 304 (A) and 316 (B), positive control abiotic coupons grade 304 (C) and 
316 (D) exposed to high sulphide concentrations and biotic coupons after removal of sulphate-
reducing biofilm materials grade 304 (E) and 316 (F). 
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8.2.5.2 Atomic Force Microscopy 
 
To supplement the surface characterisation, AFM of the steel coupons was undertaken on 
abiotic controls and disks retrieved from sulphate-reducing reactors. In similar fashion to the 
SEM images (Figure 8.18), the morphology of negative controls, positive controls and biotic 
disks were significantly different (Figure 8.19). Negative control surfaces (Figure 8.19AB) had 
a smooth gentle downward slope compared to positive controls (Figure 8.19CD) which had a 
rougher surface with a large number of peaks and troughs indicative of pitting corrosion. Biotic 
surfaces taken from sulphate-reducing reactors were comparable with positive controls and 
previous work using AFM to detect corrosion pits (109), which validates the SEM imaging 
undertaken in Section 8.2.5.1. Furthermore the pits detected via AFM had a similar diameter 
to those detected via SEM (<5 µm). Although a number of previous studies have shown that 
SRB are capable of localised corrosion attack on carbon and stainless steel surfaces under 
neutral-pH conditions (109, 394, 395), bio-corrosion under alkaline conditions has never been 
demonstrated. Coupons incubated under methanogenic conditions could not be sampled due to 
time constraints, however future work could investigate the ability of none-sulphate reducing 





Figure 8.19. Steel surface characterisation. Atomic force micrographs of abiotic negative 
control coupons grade 304 (A) and 316 (B) stainless steel. Grade 304 (C) and 316 (D) positive 
control steel coupons after incubation under high sulphide concentrations for the same time 
period as biotic experiments. Biotic steel surfaces after removal of sulphate-reducing biofilms 





A high resolution replication material (Microset) was used to replicate the steel surface 
followed by visualisation via an Alicona 3D metrology instrument. In agreement with the SEM 
and AFM investigation mentioned in Section 8.2.5.1 and 8.2.5.2, replication of the steel 
surfaces revealed potential pits on disks removed from sulphate-reducing reactors (Figures 8.20 
& 8.21) and positive control coupons (Figures 8.22 & 8.23), however no pitting was discovered 
on negative controls (Figures 8.24 & 8.25). The surfaces of negative controls did have a gradual 
downward slope, however this appeared to be the natural slope of the steel surface, with the 
morphology of pits within positive controls being more characteristic of those observed via 
SEM and AFM. The largest pits present on grade 304 and 316 disks taken from the sulphate-
reducing reactors had a diameter of 8-10 µm and depth of 800-1200nm (Figures 8.20 & 8.21). 
In contrast pits detected on positive controls were wider (≈20 µm) and deeper (>6 µm) (Figures 
8.22 & 8.23). The replicating material used here may be unable to discern the full extent of 
corrosion, since the diameter of the pits observed via SEM were <5 µm, therefore only the 
widest pits will be visible using this technique. The fact that no pits with a diameter of >5µm 
could be seen on the SEM images in Section 8.2.5.1 does however raise doubt as to whether 
pits observed in the Microset replicates were valid. Nevertheless, significant differences were 






Figure 8.20. Steel surface characterisation of grade 304 biotic steel surfaces via Alicona. Grade 304 steel surfaces after removal of sulphate-




Figure 8.21. Steel surface characterisation of grade 316 biotic steel surfaces via Alicona. Grade 316 steel surfaces after removal of sulphate-





















As biofilms develop and grow over time micro-environments are able to form that have 
different physical and chemical conditions than that of the bulk fluid phase. The formation of 
these micro-niches is a result of consumption and production of metabolic products, together 
with the limited diffusion of chemical species due to the production of EPS. Within the present 
study microorganisms harvested from an anthropogenic alkaline site in the UK were capable 
of degrading ISA at pH 11.0 under methanogenic and sulphate-reducing conditions in biofilm 
systems. The fermentation of ISA provided electron donors (hydrogen and acetate) for 
downstream anaerobic respiratory processes, including sulphate-reduction and 
methanogenesis. The addition of sulphate as TEA inhibited methanogenesis and resulted in the 
generation of sulphide, suggesting dissimilatory pathways were active and SRB were 
outcompeting methanogens for fermentation end-products. The reduced abundance of SRB 
detected in the bulk fluid suggests the majority of sulphate-reducing activity was present in the 
biofilm, where low pH microsites were detected. Only one genus of SRB was detected with 
any significance, namely the alkaliphilic Desulfonatronum, suggesting its importance within 
alkaline systems. The high concentration of H2 at the interface between the steel surface and 
sulphate-reducing biofilm is an indicator of anaerobic corrosion and could provide SRB with a 
constant source of hydrogen for further metabolism. The high proportion of lipids and protein 
within the biofilms contributes to their hydrophobicity and allows for the development of low 
pH micro-niches and H2 gradients within the biofilm matrix. FISH of the biofilms revealed a 
syntrophic community structure where SRB were growing in association with fermentative 
bacteria within the centre of the biofilm, where conditions were more favourable for growth. 
The morphology of the steel surfaces changed markedly after incubation under sulphate-
reducing conditions for 3 months, with surfaces showing evidence of pitting corrosion as 
detected by SEM, AFM and Alicona. This is the first study to demonstrate bio-corrosion of 
stainless steel due to sulphate-reduction at pH 11.0 and indicates a potential route for the 
corrosion of steel surfaces within an ILW-GDF.   
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Microorganisms have successfully colonised every environment on earth where water can be 
found and therefore an ILW-GDF could provide a niche site for a range of specialist organisms. 
An ILW-GDF is expected to be operational for thousands of years’ post-closure and the ability 
to predict the evolution of such a facility requires extensive research from a wide range of 
scientific disciplines. One important aspect when trying to predict the evolution of an ILW-
GDF over long time-frames is determining the potential for microbial activity. The colonisation 
of a GDF by microorganisms is possible, either during the facilities construction phase or from 
the subterranean biosphere via ground-water flowing into the facility (396). The organic carbon 
sources produced from the alkaline hydrolysis of cellulose represent a potential substrate for 
microbial activity and the generation of gases from these substrates may impact the 
performance of a GDF (4, 6, 7) (Figure 9.1). The high bulk pH values of the near-field may 
inhibit microbial activity by neutrophilic organisms, however a variety of microbial processes 
have been observed in other alkaline environments, such as soda lakes or legacy lime working 
sites, suggesting alkaliphilic microbial processes have the potential to develop given time (154, 
397). The metabolism of cellulose degradation products by microorganisms under near-field 
conditions has been extensively studied (22-25), however very few of these studies have 
provided information regarding the generation of methane or sulphide under ILW-GDF 
conditions. The data outlined in this thesis could help to better predict the potential for methane 






Figure 9.1. The disposal of cellulose within the near-field of an ILW-GDF will result in the generation of ISA and VFA’s through 
alkaline hydrolysis pathways. The fermentation of these cellulose degradation products provides the substrates for downstream 
methanogenic and sulphate-reducing processes. Sulphate-rich inflowing ground-water could saturate the facility post-closure, leading to 





Conclusion 1a: Anthropogenic alkaline sites with analogous conditions to 
an ILW-GDF harbour active methanogenic and sulphate reducing 
communities. 
The aim of the first section of work described in Chapter 5 was to characterise the near-surface 
(~1 m deep) anaerobic microbial communities within a range of anthropogenic alkaline sites 
that demonstrated bulk pH values similar to those likely to be experienced within an ILW-GDF 
(pH 11.0 – 13.0). The incubation of cellulose within these sites for 3 months provided a 
substrate for microbial colonisation and allowed for direct comparisons to be made between 
the different sampling sites. The extraction of RNA from these extreme environmental samples 
followed by the generation of cDNA and sequencing of the 16S rRNA gene was employed to 
provide an active in situ community profile, primarily focused on the microbial pathways that 
result from cellulose degradation, i.e. sulphate-reduction and methanogenesis. The ability of 
cellulosic materials to provide the substrates for sulphate-reduction and methanogenesis in 
these environments indicates the potential for these processes to occur within an ILW-GDF.  
Not only was biofilm able to form on the incubated cellulose, but a diverse and active microbial 
population was present, capable of anaerobic processes including cellulose degradation, 
sulphate reduction and methanogenesis, despite the harsh environmental conditions. Although 
cellulose is susceptible to alkaline chemical hydrolysis in these sites (24), a significant 
proportion of the RNA extracted from the incubated samples had 16S sequence homology to 
cellulose-degrading bacteria, including members of the family Fibrobacteraceae and genus 
Fibrobacter, suggesting microbial activity played a significant role in the degradation of 
cellulose in these environments. The majority of cellulose within an ILW-GDF is expected to 
degrade through abiotic alkaline hydrolysis pathways (6), however biotic cellulose degradation 
within the near-field could stimulate downstream methanogenic and sulphate-reducing 
processes though the production of fermentation end-products. The detection of fermentative 
Clostridia lineages on the cellulose samples, including the genus Ruminococcus indicates a 
further route for cellulose degradation and potentially ISA fermentation in situ. Clostridia have 
been identified as potential ISA-degrading bacteria in microcosms employing sediments from 
some of the lime-contaminated sites studied here (24) and the removal of ISA within an ILW-





Hydrogen appeared to be an important end-product of cellulose degradation in these sites, 
evidenced by an archaeal community almost exclusively dependent on hydrogenotrophic 
methanogenesis, with the genera Methanoregula, Methanoculleus and Methanospirillium 
dominating. The ubiquitous nature of hydrogen-consuming bacteria of the genus 
Hydrogenophaga throughout these sites further underlines the importance of H2 within an 
ILW-GDF. Within the younger sulphate-rich and organic-rich steel slag sites that demonstrated 
lower bulk pH values (~11.0), dissimilatory sulphate reduction played an important terminal 
role in the complete mineralisation of organic matter, where acetate-metabolising SRB of the 
genus Desulfobacter were abundant, a process which appeared to be competing with 
acetoclastic methanogenesis and resulting in a methanogen community dominated by 
hydrogenotrophic species. This could suggest that an ILW-GDF saturated with sulphate-rich 
ground-waters could result in a decreased contribution of acetoclastic methanogenesis under 
alkaline conditions through competition with SRB. It has been theorised that acetate-driven 
sulphate reduction becomes more favourable under alkaline conditions (398). Even though 
sulphate was detected in the sites that demonstrated the highest bulk pH values (~13.0), SRB 
were largely absent from these environments, even though methanogenic archaea were still 
able to maintain a population under these conditions. This suggests under environmental 
conditions the upper pH limits is higher for methanogenesis than for sulphate reduction.  
Although the active methanogen population on the cellulose samples were strictly 
hydrogenotrophic, methanogens capable of all three pathways were detected in the sediments 
of the organic-rich steel slag sites and acetoclastic methanogens dominated the neutral-pH 
canal sediments, however this was based on DNA (rather than cDNA) sequencing and so does 
not account for dormant microbial populations. The pH appeared to be an important driver of 
microbial community composition in these sites, with comparisons between non-contaminated 
background sediments and contaminated alkaline sediments showing significant differences at 
the phylum level based on principal components analysis. However, these differences could 
also be due to factors other than pH, for example organic carbon content appeared to play a 
small role in shaping the methanogen communities in these environments, where an increase 
in acetoclastic lineages was observed in the sites with higher organic carbon content (R2 = 
0.4247). Fermentative lineages of the phylum Firmicutes tended to increase in abundance 





(280), which could be advantageous to their survival within an ILW-GDF. Spore-forming 
bacteria could be important within the early post-closure period when microbial activity will 
be limited by bulk pH values of >13.0. As the pH of the near-field evolves towards more 
agreeable values (pH 10.0 – 12.5) (Figure 9.2), niche sites may develop that enable dormant 
populations to become active and result in the colonisation of a GDF.  
Overall the data shown in Chapter 5 suggests the products of alkaline and microbial cellulose 
degradation can support hydrogenotrophic methanogenesis in near-surface sediment 
communities up to pH ~13.0 under environmental conditions. Within sulphate-rich and 
organic-rich near-surface sediments, these cellulose degradation products can also stimulate 
sulphate reduction up to pH ~11.0 under environmental conditions. This data suggests the 
upper pH limits for methanogenesis is higher than sulphate reduction under environmental 
conditions, which reduces the potential for sulphide production within the early post-closure 
period of an ILW-GDF.  
 
Figure 9.2. Evolution of pH within the near-field of an ILW-GDF. Initial pH values of 
>12.5 are expected within the early post-closure period, however these values are expected to 







Conclusion 1b: Microbial activity within anthropogenic alkaline sites is 
facilitated by the formation of low pH microsites. 
A significant amount of microbial activity was detected within the sampling sites using culture-
independent molecular methods, even when bulk pH values of ~13.0 were observed. However, 
a considerable amount of microbial activity could be ongoing under conditions much milder 
than this. For example, sediment pH values were always lower than pore-water values and the 
detection of fermentation end-products (e.g. acetate) within these sites suggests low pH niches 
could be formed through the production of metabolic acids. A range of EPS materials were 
detected on the cellulose samples, suggesting biofilm was being formed in situ which could be 
relieving the environmental stresses associated with high pH (112, 125). The dominance of 
Pseudomonas lineages on many of the cellulose samples suggests they were contributing to 
biofilm formation in these environments, with many strains of this genus capable of EPS 
production and growth under anaerobic conditions using nitrate as electron acceptor (399, 400). 
The EPS components were primarily composed of protein and lipid biopolymers, which is 
likely to be reducing the impact of the high pore-water pH through hydrophobic interactions. 
The formation of biofilm could negatively impact a GDF not only through facilitating microbial 
survival, but also through the corrosion of materials and the blocking of pore throats leading to 
‘bio-clogging’ and potential pressurisation issues (401, 402). Therefore, the ability of these 
alkali-adapted near-surface communities to form biofilm, even when bulk pH values of ~13.0 
are observed, underlines their ability to survive under ILW-GDF conditions. Biofilms have 
been shown to offer microorganisms limited (<2 weeks) survival up to pH 13.0 in recent studies 
(125), and numerous authors have detected low pH niches within the internal surfaces of 
biofilms compared with the external environment (366, 403). The upper pH limits for microbial 
activity can differ greatly between planktonic and biofilm systems and between pure and mixed 
cultures (112, 404). Therefore, the detection of active sulphate-reducing and methanogenic 
communities within these sites based on molecular methods does not guarantee their survival 
within a GDF, where a pH of >12.5 is expected for thousands of years (6). However, if low pH 
microsites develop within the near-field through the production of biofilm and metabolic acids 
then the data shown in Chapter 5 suggests a range of microbial processes are available and 
active under bulk pH values of 13.0, which could have a significant impact on the evolution of 





Conclusion 2: Hydrogenotrophic methanogenesis dominates under ILW-
GDF conditions in mixed culture planktonic systems. 
The next section of work outlined in Chapter 6 aimed to develop acetoclastic and 
hydrogenotrophic methanogen enrichment cultures under fermentative and non-fermentative 
conditions over a range of pH values (7.0 – 12.0) using near-surface sediments from the 
anthropogenic alkaline sites described in Chapter 5. Preliminary experiments utilised neutral-
pH canal sediments as a reference for the alkaline sites. Both acetoclastic and hydrogenotrophic 
enrichment cultures were successfully developed from these ‘Control’ sediments under neutral-
pH conditions. These cultures demonstrated high acetate and hydrogen consumption rates and 
were dominated by the acetate-utilising lineages Methanosarcina and hydrogen-consuming 
Methanobacterium genera. However, after gradually increasing the pH of these microcosms 
through sub-culturing, the rate of acetate consumption decreased significantly at pH 9.0 and 
became undetectable at pH 10.0, which resulted in a loss of the acetoclastic population 
(Methanosarcina) from the cultures. However, under the same conditions hydrogenotrophic 
methanogenesis was still able to proceed, with the hydrogen-consuming genus 
Methanobacterium able to maintain an active population up to pH 10.0. Methyl fluoride 
inhibited methane production rates in pH 7.0 microcosms, however the inhibitor had little effect 
on pH 10.0 microcosms and suggested ~73 % of the methane formed under neutral-pH 
conditions was derived from acetate and only ~13 % at pH 10.0. The enrichment cultures 
developed from the ‘Control’ sediments demonstrated an interesting shift in methanogen 
community composition and functioning towards hydrogenotrophic methanogenesis at high 
pH, which could suggest under near-field conditions methane generation within an ILW-GDF 
will be reliant on the presence of hydrogen and carbon dioxide. A number of other 
environments were included in the study to determine whether this trend was ubiquitous.  
The alkaline sediments retrieved from the ‘New Lime’ sites (B, H and T) were used in the same 
way as the ‘Control’ sediments, however enrichment cultures were initiated at pH 10.0. 
Methanogenesis was stimulated in these cultures when supplied with H2/CO2 compared to un-
amended controls, however at this pH acetoclastic cultures were negative for methane 
generation and acetate consumption. All of the microcosms developed from the lime sites were 
dominated by strictly hydrogenotrophic methanogens of the genera Methanoculleus and 





these microcosms through sub-culturing, low levels of acetate consumption were observed at 
pH 7.0 and 8.0, which resulted in low methane production rates, however the community was 
again dominated by hydrogenotrophic Methanobacterium species which suggested SAO 
played a role in these systems. The addition of methyl fluoride had no impact on the ability of 
these cultures to generate methane at pH 7.0 or 10.0, which confirmed the presence of SAO 
pathways under neutral-pH conditions. The inhibitor studies suggested 100 % of the methane 
formed at pH 7.0 and 10.0 was derived from H2/CO2 when employing the ‘New Lime’ 
sediments. The alkaline sediments were capable of methanogenesis from H2/CO2 up to pH 
11.0, one pH unit higher than the canal sediments, suggesting the populations within these sites 
have adapted mechanisms to grow under conditions of higher alkalinity. However, no methane 
production was observed at pH 12.0, suggesting methanogenesis within the early post-closure 
period of an ILW-GDF will be reliant on the formation of low pH niches if planktonic systems 
develop. This also suggests the upper pH limits for methanogenesis decreases in planktonic 
culture compared to under environmental conditions, since methanogen RNA was obtained 
from the cellulose samples incubated within the sites where bulk pH values of ~13.0 were 
observed (Chapter 5). Since the growth conditions imposed on these samples were identical to 
the ‘Control’ microcosms which were positive for acetoclastic methanogenesis, it would seem 
acetate-consuming methanogens were absent from the inoculating samples. It is possible the 
high pH pore-waters of the lime sites are selecting against acetoclastic species, as observed 
within the microcosms employing the canal sediments. The use of the lime sediments added 
confidence to the hypothesis that hydrogenotrophic methanogenesis contributes to the majority 






Figure 9.3. Hydrogen and acetate consumption rates under far-field and near-field 
conditions when employing canal sediments or alkali-adapted lime sediments. Under 
near-field conditions (pH ≥10.0) methane production was reliant on hydrogenotrophic 
metabolism. 
The ‘Old Lime’ (LK) and ‘Steel’ (CW, CS, RC, SC) sediments were used to expand the study 
further by developing acetoclastic and hydrogenotrophic methanogen enrichments at pH 7.0 
and 10.0 to compare the community composition and functioning under far-field and near-field 
conditions. Again the addition of H2/CO2 stimulated methanogenesis in pH 10.0 cultures 
compared to un-amended controls, with acetate-fed cultures negative for methane production 
under these conditions. However, high acetate consumption and methane generation rates were 
observed at pH 7.0, particularly from the ‘Steel’ sediments which led to the development of a 
community dominated by the acetoclastic genus Methanosarcina. However, at pH 10.0 the 
microcosms were dominated by hydrogenotrophic methanogens of the genera 
Methanobacterium (Steel) and Methanoculleus (Old Lime). The ubiquitous nature of the 
strictly hydrogenotrophic Methanoculleus and Methanobacterium species within microcosms 
operating under near-field conditions indicates their importance within an ILW-GDF. 





defined mixed cultures, future work could determine whether the upper pH limits for 
methanogenesis changes in pure cultures or biofilm systems. 
Overall the data shown in Chapter 6 suggests that under the alkaline near-field conditions of 
an ILW-GDF (pH ≥10.0), biological methane generation will be dependent on the 
hydrogenotrophic pathway. However, under far-field conditions (neutral-pH) acetoclastic 
methanogenesis becomes more important. This data could have a significant impact on gas 
generation modelling studies used to evaluate ILW-GDF performance.  
Conclusion 3: Calcium carbonate provides a substrate for 
hydrogenotrophic methanogenesis under ILW-GDF conditions. 
Carbon dioxide speciation is highly dependent on pH and any CO2 produced within an ILW-
GDF is expected to precipitate out of solution as insoluble calcium carbonates through 
interactions with the cement-based backfill (NRVB) (6). These alkaline carbonation reactions 
could result in hydrogenotrophic methanogenesis being inaccessible under ILW-GDF 
conditions through the removal of CO2 from the liquid and gas phases of the near-field. 
Methanogenesis from calcium and magnesium carbonates has been demonstrated previously 
under neutral-pH conditions (236), however the ability of methanogens to access precipitated 
carbonates under the conditions expected of an ILW-GDF have never been validated. The next 
section of work discussed in Chapter 7 aimed to determine whether sub-cultures of the 
methanogenic microcosms developed from the alkaline sediments in Chapter 6 that were 
operating at pH 10.0 and fed with H2/CO2 as the sole carbon and energy source, were instead 
able to utilise precipitated forms of calcium carbonate for hydrogenotrophic methanogenesis 
at this pH. This was achieved by supplying the sub-cultures with either a solid calcium 
carbonate powder or ground pieces of marble in replace of an external source of CO2. To 
supplement the study, NRVB was prepared in the laboratory and incubated under CO2 to allow 
for the carbonation of the materials surface. The pre-carbonated NRVB was also tested as a 
potential carbon source for hydrogenotrophic metabolism. 
All cultures supplied only with H2 and precipitated carbonates demonstrated methanogenesis 
compared with un-amended controls lacking either carbonates or H2. Hydrogen was actively 
removed from these microcosms despite the lack of TEA’s, albeit at slow rates compared with 
positive controls where CO2 was supplied. Highest rates of metabolism were observed in 





material, with lowest hydrogen consumption rates coming from marble-amended microcosms. 
Geochemical modelling suggested under the conditions of these experiments CO2 availability 
will be extremely limited after equilibration with calcite (Figure 9.4), however the formation 
of biofilm materials on the NRVB surfaces could be resulting in increased levels of CO2 and 
HCO3
- through the production of low pH microsites. Both CO2 and HCO3
- are consumable 
substrates for autotrophic species (75), although the direct utilisation of CO3
2- or CaCO3 by 
methanogens has never been authenticated. The detection of archaea within the biofilm 
materials via FISH suggested the methanogens were growing in close association with the 
carbonate minerals, which were detected on the NRVB surfaces using SEM, SEM-EDS, XRD 
and phenolphthalein staining. Alongside hydrogenotrophic methanogenesis, these microcosms 
also showed evidence of homoacetogenesis, suggesting that methanogens and homoacetogens 
were competing for hydrogen and calcium carbonate. The archaeal community was dominated 
by hydrogenotrophic methanogens of the genera Methanobacterium and Methanoculleus, 
however within a small number of these microcosms (2 out of 27) the strictly acetoclastic genus 
Methanosaeta was also present in low abundance, suggesting homoacetogenesis was 
stimulating the production of methane from acetate. This is contrary to the findings in Chapter 
6 where acetoclastic lineages were absent from pH 10.0 microcosms, however the lack of 
carbonate buffers applied to these systems resulted in a significant reduction in pH during the 
incubation period which could have stimulated the growth of acetate-consuming methanogens. 
No acetate consumption was detected within these microcosms however, and the discovery of 
genes for the H2/CO2 pathway in Methanosaeta could suggest these organisms were 
contributing to hydrogenotrophic methane production in these cultures (405). The production 
of hydrogen from abiotic corrosion processes (6) or from the fermentation of cellulose 
degradation products (23, 24) (Figure 9.1) and the likely abundance of precipitated carbonates 
in the near-field (6) suggests all the substrates for hydrogenotrophic methanogenesis will be 
available during the evolution of an ILW-GDF. Future work could determine whether this 
process is available at pH 11.0, where the accessibility of CO2 and HCO3
- will be even more 
restricted and could provide further evidence that methanogens are able to utilise precipitated 
forms of inorganic carbon directly for ATP synthesis.  
Overall the data shown in Chapter 7 suggests methanogens are able to utilise precipitated 





supplied CO2. This could have a significant impact on gas generation within the near-field of 
an ILW-GDF, where precipitated carbonates will be abundant and CO2 availability will be 
limited. This is the first study to demonstrate methane from calcite under alkaline conditions.  
 
Figure 9.4. CO2 availability under far-field and near-field conditions within a closed 
system as determined through geochemical modelling using PHREEQC. 
Conclusion 4a: Biofilms facilitate sulphate reduction under ILW-GDF 
conditions. 
Previous studies employing sediments from a proposed ILW-GDF analogue site in Buxton, 
UK showed little to no sulphate-reducing activity at pH ≥10.0 in planktonic culture when 
supplied with acetate, lactate or ISA as electron donors, and it has been theorised that this 
process is not likely to proceed under near-field conditions (25, 115). However, as discussed 
previously the upper pH limits for microbial activity can increase with the formation of biofilm 
(112, 125). The final section of work outlined in Chapter 8 sought to grow methanogenic and 
sulphate reducing biofilms on stainless steel surfaces within CDC biofilm reactors at pH 11.0 
using the products of alkaline cellulose degradation (CDP) as the sole carbon and energy 
source. The biofilm reactors were seeded with fluid from a microcosm that had been developed 
previously from the ‘New Lime’ site B sediments which was operating at pH 10.0 under 





months, biofilm was successfully formed on the steel coupons at pH 11.0 under both 
methanogenic (CDP only) and sulphate reducing (amended with sulphate) conditions. Under 
both conditions, all three forms of ISA showed evidence of microbial degradation via 
fermentation pathways compared to abiotic control reactors, with ISA degradation resulting in 
the generation of hydrogen and acetate as end-products. Hydrogen was consumed which 
resulted in the production of methane in reactors lacking sulphate, however methanogenesis 
was inhibited in reactors amended with sulphate, suggesting dissimilatory sulphate reduction 
pathways were out-competing methanogenesis for fermentation end-products. This suggests 
the addition of sulphate as electron acceptor played a role in minimising methanogenesis from 
CDP and its fermentation end-products and therefore an ILW-GDF saturated with sulphate-
rich ground-waters could result in a lower contribution of methane generation.  
Consistent with findings in the previous chapters of work, hydrogen was consumed and acetate 
accumulated in methanogenic reactors and the archaeal bulk liquid community was dominated 
by hydrogenotrophic methanogens of the genus Methanobacterium. However, the 
metabolically diverse genus Methanosarcina appeared to dominate the biofilm communities 
formed on grade 316 steel, with Methanobacterium dominating the grade 304 biofilm. All 
sulphate reducing biofilms were dominated by the alkaliphilic SRB Desulfonatronum, most 
strains of which have a maximum growth pH of 10.5 in pure culture (406), suggesting biofilm 
formation was increasing the upper pH limits for this organism. This was substantiated by the 
development of low pH microsites within the internal biofilm surface as analysed with the use 
of micro-pH probes (dia. 10 µm), where a difference of between 0.91 – 1.47 pH units was 
observed between bulk fluid and biofilms. The pH profiles suggested under bulk fluid 
conditions of pH ~11.0, the internal biofilm pH was between 9.7 - 10.3 at its lowest values. 
These low pH microsites within the biofilms could also be offering Methanosarcina species 
with improved growth rates as seen in Chapter 6. The detection of fermentative lineages of the 
phylum Firmicutes within the biofilm matrix via FISH suggested metabolic acids were being 
produced that resulted in the formation of these lower pH niches. The fact that SRB were 
growing in close association with the fermenters not only suggests a syntrophic community 
structure was present, but also that SRB were surviving in close proximity to fermentation end-





periphery of these communities could be offering SRB with further protection from the external 
environment and resulting in their survival under the conditions imposed here.  
Conclusion 4b: Alkaliphilic sulphate-reducing biofilms are capable of 
corroding stainless steel surfaces under ILW-GDF conditions. 
Although steel materials within an ILW-GDF are predicted to corrode naturally through abiotic 
processes (6), microbial activity could enhance the rate of these corrosion kinetics and thereby 
have a significant impact on GDF performance. Especially when considering that an ILW-GDF 
is required to be operational for extended time frames to ensure long-lived radionuclides, such 
as carbon-14 (half-life 5,730 years) do not reach the biosphere. The integrity of the engineered 
barriers (e.g. steel waste canisters) for long time frames is therefore critical to the performance 
of a GDF. Microscopic techniques (SEM, AFM and Alicona) were used to characterise the 
steel surfaces after removal of the biofilm materials. The presence of localised corrosion pits 
on the steel surfaces incubated under sulphate-reducing conditions compared with 
methanogenic surfaces and negative controls suggested the production of sulphide was 
facilitating bio-corrosion processes in these systems (Figure 9.5). The detection of high H2 
concentrations at the steel surface using micro-sensors within the sulphate reducing biofilms 
provides further evidence that anaerobic corrosion processes were ongoing, despite the alkaline 
conditions imposed.  
The data outlined in Chapter 8 is the first report of bio-corrosion due to alkaliphilic 
Desulfonatronum sulphate-reducing biofilms at pH 11.0. A number of studies have 
demonstrated this process under neutral-pH conditions (109, 110), however the ability of 
sulphate reducing biofilms to corrode stainless steel at pH 11.0 using only the products of 
alkaline cellulose degradation as substrate could have important implications on the corrosion 







Figure 9.5. Characterisation of abiotic control stainless steel surfaces, together with 
biotic surfaces before and after removal of biofilm materials. The removal of sulphate 
reducing biofilms revealed the presence of localised pitting corrosion on the stainless steel 











 Methanogenic and sulphate-reducing communities were detected via DNA and cDNA 
sequencing technologies within a range of anthropogenic alkaline sites where pH 
values of 11.0-13.0 were encountered. This provides evidence that methanogenic and 
sulphate-reducing microbial processes could be present under the alkaline conditions 
of an ILW-GDF. 
 
 Methanogen enrichment cultures were developed from the sediments within these 
alkaline sites, where methanogenesis was capable of proceeding up to pH 11.0 under 
laboratory conditions when supplied with H2/CO2. None of these cultures were 
capable of acetoclastic methanogenesis under alkaline conditions, suggesting acetate-
dependent methanogenesis will be unavailable under the alkaline conditions of an 
ILW-GDF. 
 
 The methanogen enrichment cultures showed evidence of utilising calcium carbonate 
as a carbon source for hydrogenotrophic methanogenesis at pH 10.0. Calcium 
carbonate will be readily available within an ILW-GDF and therefore could provide a 
substrate for methanogens and impact gas generation within the facility. 
 
 Dissimilatory sulphate-reducing biofilms were capable of corroding stainless steel 
surfaces within 3 months at pH 11.0 using CDP as the sole carbon and energy source. 
This provides evidence that microbial processes could impact the integrity of stainless 
steel waste canisters within an ILW-GDF if sulphate is available within the 
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Supplementary Information  
 
Figure S5.1. Thermal analysis of sediment samples from anthropogenic alkaline sites. [A-B] Site SC thermograms, [C] Duplicate 



























Table S5.1. Dominant genus-level taxon within alkaline contaminated sediments from 












Table S5.2. Dominant genus-level taxon within alkaline contaminated sediments from 
the New Lime site H. 
Site H 












































Table S5.3. Dominant genus-level taxon within alkaline contaminated sediments from 
the New Lime site T. 
Site T 













Table S5.4. Dominant genus-level taxon within alkaline contaminated sediments from 
the Steel site CW. 
Site CW 

























Table S5.5. Dominant genus-level taxon within alkaline contaminated sediments from 
the Steel site CS. 
Site CS 






















Table S5.6. Dominant genus-level taxon within alkaline contaminated sediments from 
the Steel site RC. 
Site RC 





























Table S5.7. Dominant genus-level taxon within alkaline contaminated sediments from 
the Steel site SC. 
Site SC 
























ANOVA – Background soils – Control vs New Lime vs Old Lime vs Steel 
 Sum of Squares df Mean Square F Sig. 
Proteobacteria Between Groups 643.439 3 214.480 11.273 .000 
Within Groups 380.535 20 19.027   
Total 1023.974 23    
Firmicutes Between Groups 63.438 3 21.146 72.865 .000 
Within Groups 5.804 20 .290   
Total 69.242 23    
Bacteroidetes Between Groups 231.104 3 77.035 8.005 .001 
Within Groups 192.457 20 9.623   
Total 423.561 23    
Actinobacteria Between Groups 863.459 3 287.820 26.405 .000 
Within Groups 218.003 20 10.900   
Total 1081.462 23    
Euryarchaeota Between Groups .218 3 .073 1.852 .170 
Within Groups .783 20 .039   
Total 1.001 23    
Acidobacteria Between Groups 276.956 3 92.319 10.078 .000 
Within Groups 183.215 20 9.161   
Total 460.171 23    
Fibrobacteres Between Groups .082 3 .027 .214 .886 
Within Groups 2.561 20 .128   
Total 2.643 23    





Within Groups 30.502 20 1.525   
Total 52.774 23    
Chlorobi Between Groups 3.682 3 1.227 3.382 .038 
Within Groups 7.258 20 .363   
Total 10.941 23    
Chloroflexi Between Groups 63.276 3 21.092 8.327 .001 
Within Groups 50.658 20 2.533   
Total 113.934 23    
Gemmatimonadetes Between Groups 3.436 3 1.145 .991 .417 
Within Groups 23.104 20 1.155   
Total 26.540 23    
Latescibacteria Between Groups 22.256 3 7.419 11.153 .000 
Within Groups 13.303 20 .665   
Total 35.559 23    
Lentisphaerae Between Groups .000 3 .000 . . 
Within Groups .000 20 .000   
Total .000 23    
Nitrospirae Between Groups 1.895 3 .632 .239 .868 
Within Groups 52.960 20 2.648   
Total 54.855 23    
Omnitrophica Between Groups .000 3 .000 . . 
Within Groups .000 20 .000   
Total .000 23    





Within Groups 10.745 20 .537   
Total 13.683 23    
Planctomycetes Between Groups 20.943 3 6.981 3.897 .024 
Within Groups 35.824 20 1.791   
Total 56.767 23    
Saccharibacteria Between Groups .000 3 .000 . . 
Within Groups .000 20 .000   
Total .000 23    
Spirochaetes Between Groups 2.363 3 .788 4.891 .010 
Within Groups 3.222 20 .161   
Total 5.585 23    
Figure S5.5. ANOVA of background soils at Phylum taxonomic level.  Comparing Control, New Lime, Old Lime and Steel background soil 





ANOVA – Contaminated soils – New Lime vs Old Lime vs Steel 
 Sum of Squares df Mean Square F Sig. 
Proteobacteria Between Groups 452.253 2 226.126 2.191 .138 
Within Groups 2064.607 20 103.230   
Total 2516.860 22    
Firmicutes Between Groups 1144.742 2 572.371 2.325 .124 
Within Groups 4923.320 20 246.166   
Total 6068.062 22    
Bacteroidetes Between Groups 689.714 2 344.857 3.209 .062 
Within Groups 2149.228 20 107.461   
Total 2838.941 22    
Actinobacteria Between Groups 138.816 2 69.408 1.638 .219 
Within Groups 847.451 20 42.373   
Total 986.266 22    
Euryarchaeota Between Groups 4.530 2 2.265 .646 .535 
Within Groups 70.112 20 3.506   
Total 74.642 22    
Acidobacteria Between Groups 155.780 2 77.890 6.985 .005 
Within Groups 223.014 20 11.151   
Total 378.794 22    
Fibrobacteres Between Groups .837 2 .418 4.348 .027 
Within Groups 1.924 20 .096   
Total 2.761 22    





Within Groups 93.264 20 4.663   
Total 111.480 22    
Synergistetes Between Groups .000 2 .000 . . 
Within Groups .000 20 .000   
Total .000 22    
Aminicenantes Between Groups .000 2 .000 . . 
Within Groups .000 20 .000   
Total .000 22    
Bacillariophyta Between Groups .621 2 .311 .248 .782 
Within Groups 25.012 20 1.251   
Total 25.634 22    
Bathyarchaeota Between Groups .035 2 .017 .248 .782 
Within Groups 1.391 20 .070   
Total 1.425 22    
Chlamydiae Between Groups .066 2 .033 .248 .782 
Within Groups 2.641 20 .132   
Total 2.706 22    
Chlorobi Between Groups .509 2 .255 .484 .623 
Within Groups 10.519 20 .526   
Total 11.028 22    
Chloroflexi Between Groups 2.226 2 1.113 .167 .847 
Within Groups 133.073 20 6.654   
Total 135.299 22    





Within Groups 19.261 20 .963   
Total 19.740 22    
Deinococcus Between Groups .416 2 .208 .424 .660 
Within Groups 9.802 20 .490   
Total 10.218 22    
Fusobacteria Between Groups .144 2 .072 .248 .782 
Within Groups 5.788 20 .289   
Total 5.932 22    
Gemmatimonadetes Between Groups 12.936 2 6.468 4.394 .026 
Within Groups 29.440 20 1.472   
Total 42.376 22    
Latescibacteria Between Groups .607 2 .304 1.957 .167 
Within Groups 3.103 20 .155   
Total 3.710 22    
Nitrospirae Between Groups .614 2 .307 .764 .479 
Within Groups 8.031 20 .402   
Total 8.645 22    
Omnitrophica Between Groups .034 2 .017 .248 .782 
Within Groups 1.352 20 .068   
Total 1.385 22    
Parcubacteria Between Groups 13.043 2 6.521 1.012 .382 
Within Groups 128.940 20 6.447   
Total 141.982 22    





Within Groups 59.773 20 2.989   
Total 80.772 22    
Saccharibacteria Between Groups .417 2 .209 .215 .809 
Within Groups 19.429 20 .971   
Total 19.847 22    
Spirochaetes Between Groups 4.433 2 2.216 1.027 .376 
Within Groups 43.155 20 2.158   
Total 47.587 22    
Tenericutes Between Groups .152 2 .076 .534 .594 
Within Groups 2.839 20 .142   
Total 2.991 22    
TM6 Between Groups .854 2 .427 1.115 .347 
Within Groups 7.656 20 .383   
Total 8.510 22    
Figure S5.6. ANOVA of contaminated soils at Phylum taxonomic level.  Comparing Control, New Lime, Old Lime and Steel contaminated 





Independent Samples Test – Cotton – New Lime vs Steel 
 
Levene's Test for Equality of Variances t-test for Equality of Means 
F Sig. t df Sig. (2-tailed) Mean Difference Std. Error Difference 
95% Confidence Interval of the Difference 
Lower 
Proteobacteria Equal variances assumed 4.373 .058 -.122 12 .905 -2.705 22.087 -50.829 
Equal variances not assumed   -.145 4.164 .892 -2.705 18.692 -53.806 
Firmicutes Equal variances assumed 1.053 .325 1.198 12 .254 10.122 8.452 -8.292 
Equal variances not assumed   .937 2.510 .430 10.122 10.808 -28.406 
Bacteroidetes Equal variances assumed 7.111 .021 -1.525 12 .153 -9.500 6.230 -23.075 
Equal variances not assumed   -2.738 11.983 .018 -9.500 3.469 -17.061 
Actinobacteria Equal variances assumed .113 .743 .587 12 .568 1.835 3.123 -4.970 
Equal variances not assumed   .515 2.758 .645 1.835 3.564 -10.092 
Euryarchaeota Equal variances assumed 2.210 .163 -.666 12 .518 -1.527 2.292 -6.520 
Equal variances not assumed   -1.314 10.000 .218 -1.527 1.162 -4.116 
Acidobacteria Equal variances assumed 13.255 .003 4.020 12 .002 6.579 1.637 3.013 
Equal variances not assumed   1.948 2.025 .189 6.579 3.377 -7.778 
Fibrobacteres Equal variances assumed 5.279 .040 -1.287 12 .222 -6.684 5.193 -17.998 
Equal variances not assumed   -2.262 11.778 .043 -6.684 2.955 -13.136 
Verrucomicrobia Equal variances assumed 3.327 .093 -.730 12 .479 -1.880 2.576 -7.492 
Equal variances not assumed   -1.184 9.828 .264 -1.880 1.588 -5.426 
Synergistetes Equal variances assumed 1.270 .282 -.507 12 .621 -.223 .441 -1.183 
Equal variances not assumed   -1.000 10.000 .341 -.223 .223 -.721 
Chlorobi Equal variances assumed 2.882 .115 -.712 12 .490 -.271 .380 -1.099 





Chloroflexi Equal variances assumed .507 .490 .001 12 1.000 .001 1.541 -3.356 
Equal variances not assumed   .001 11.902 .999 .001 .868 -1.891 
Cloacamonas Equal variances assumed 1.270 .282 -.507 12 .621 -.093 .183 -.493 
Equal variances not assumed   -1.000 10.000 .341 -.093 .093 -.300 
Cyanobacteria Equal variances assumed .904 .360 -.391 12 .703 -.623 1.595 -4.099 
Equal variances not assumed   -.599 8.258 .565 -.623 1.040 -3.008 
DQ833500 Equal variances assumed .411 .533 -.208 12 .839 -.492 2.366 -5.646 
Equal variances not assumed   -.357 11.350 .728 -.492 1.378 -3.512 
Lentisphaerae Equal variances assumed 3.470 .087 -.834 12 .421 -2.436 2.922 -8.803 
Equal variances not assumed   -1.644 10.000 .131 -2.436 1.482 -5.738 
Parcubacteria Equal variances assumed 1.270 .282 -.507 12 .621 -.308 .607 -1.630 
Equal variances not assumed   -1.000 10.000 .341 -.308 .308 -.994 
Planctomycetes Equal variances assumed 47.831 .000 3.028 12 .011 2.336 .772 .655 
Equal variances not assumed   1.395 2.000 .298 2.336 1.675 -4.871 
Spirochaetes Equal variances assumed 2.529 .138 -.776 12 .453 -.633 .816 -2.411 
Equal variances not assumed   -1.531 10.000 .157 -.633 .414 -1.555 
Streptophyta Equal variances assumed 69.868 .000 2.514 12 .027 3.907 1.554 .521 
Equal variances not assumed   1.158 2.000 .367 3.907 3.374 -10.612 
Figure S5.7. Independent samples t-test of cotton communities at Phylum taxonomic level.  Comparing New Lime and Steel cotton 























C1 13956 2871 3133.9 2970.6 7.22 96.59 
C2 15479 2928 3297.6 3100.7 7.19 96.21 
C3 9182 1797 2172.9 1996.3 6.60 94.70 
C4 15470 2862 3124.3 2972.2 7.16 96.91 
B1 59995 5069 5331.8 5152.9 7.33 98.90 
B2 8310 1219 1524.9 1381.1 6.56 90.95 
B3 45908 5010 5223.6 5061.9 7.51 98.74 
B4 54004 5150 5453.1 5254.6 7.44 98.66 
H1 37966 4778 5057.1 4854.0 7.49 98.10 
H2 48477 4324 4601.6 4425.1 7.07 98.71 
H3 48115 5288 5551.2 5365.6 7.49 98.61 
H4 39413 4426 4667.8 4495.1 7.37 98.34 
T1 29888 3772 4002.8 3844.8 7.27 97.96 
T2 43674 4759 5005.9 4822.6 7.40 98.61 
T3 36236 4603 4856.8 4671.8 7.50 98.16 
T4 30593 4377 4634.8 4456.5 7.55 97.72 
T5 51633 5221 5532.2 5318.5 7.45 98.55 
T6 40495 4205 4499.6 4306.9 7.07 98.31 
LK1 13799 2150 2891.4 2637.9 6.64 93.07 
LK2 14875 2103 2727.0 2506.8 6.58 94.28 
CW 138910 16150 16273.2 16162.6 8.35 99.69 
CS 123256 10830 10952.4 10847.5 7.90 99.68 
RC 117368 10406 10528.3 10425.6 7.77 99.65 























C1 17635 3928 4126.8 3980.7 7.55 97.49 
C2 22405 4679 4802.0 4704.8 7.69 98.48 
C3 21910 4764 4912.6 4796.7 7.76 98.25 
C4 13527 3026 3179.5 3069.8 7.34 97.41 
B 41023 3446 3831.3 3578.5 7.12 96.40 
H 39022 1675 1722.9 1682.6 4.81 99.52 
T 33716 2845 3147.7 2951.7 7.26 95.42 
LK1 42343 3445 3737.2 3530.8 6.98 96.97 
LK2 42756 3348 3648.9 3446.9 6.97 96.91 
LK3 40253 3353 3573.4 3410.6 7.16 97.49 
LK4 42465 514 523.7 515.1 2.09 99.91 
LK5 58163 641 645.7 641.2 1.93 99.96 
CW1U 65666 4062 4158.3 4078.3 6.29 99.53 
CW1L 34870 1977 2086.8 2031.1 5.65 99.31 
CW2 48119 2041 2150.2 2095.7 5.45 99.50 
CW3 63485 6865 7024.8 6888.7 7.55 99.11 
CS1 62779 5012 5215.3 5062.4 6.40 99.01 
CS2 38259 2039 2174.7 2106.3 5.69 99.28 
CS3 53569 3450 3809.6 3601.4 5.60 98.56 
RC1U 57452 1472 1593.6 1530.7 4.76 99.62 
RC1L 93041 2027 2138.5 2082.1 4.59 99.74 
RC2U 78931 1799 1894.8 1839.1 4.76 99.74 
RC2L 51753 1488 1611.3 1535.2 4.62 99.50 
RC3 37820 1152 1230.6 1192.7 4.83 99.59 
SC1 23045 2060 2098.2 2066.6 5.40 99.46 
SC2 44327 2263 2345.2 2279.7 5.49 99.43 







Figure S6.1. Acetate quantities within pH 7.0-11.0 CDP-fed microcosms employing the 
lime sediments (B, H, T). 
  
0 2 4 6 8 10 12 14
2.127533 2.29559 2.665077 3.039333 2.753278 2.967819 2.824791 3.396901
1.93683 2.544696 2.489869 2.705602 2.324195 2.657926 2.395709 3.06317
average 2.032181 2.420143 2.577473 2.872467 2.538737 2.812872 2.61025 3.230036
stdev 0.134848 0.176145 0.123891 0.235983 0.303407 0.219127 0.303407 0.235983
stderr 0.095352 0.124553 0.087604 0.166865 0.214541 0.154946 0.214541 0.166865
0 2 4 6 8 10 12 14
1.831943 2.179976 3.022646 3.556615 4.189511 4.557807 4.308701 4.707986
1.924911 2.545888 2.878427 3.11323 3.556615 3.737783 3.556615 3.718713
1.680572 1.8236 2.133492 2.526818 2.443385 2.848629 2.443385 2.50298
1.764005 1.728248 1.859356 2.133492 2.193087 2.216925 2.312277 2.228844
average 1.800358 2.069428 2.47348 2.832539 3.09565 3.340286 3.155244 3.289631
stdev 0.103572 0.372411 0.565186 0.628545 0.939697 1.023723 0.950245 1.145997
stderr 0.051786 0.186206 0.282593 0.314272 0.469848 0.511862 0.475123 0.572999
0 2 4 6 8 10 12 14
1.730632 1.924911 1.885578 2.092968 2.222884 2.210965 2.188319 2.27056
1.624553 1.781883 1.637664 1.831943 2.308701 2.289631 2.282479 2.179976
1.573302 1.799762 1.871275 2.121573 2.27652 2.550656 2.491061 2.586412
1.537545 1.692491 1.740167 2.205006 2.181168 2.264601 2.336114 2.38379
1.573302 1.620977 1.966627 2.121573 2.526818 2.943981 3.432658 3.587604
1.656734 1.692491 2.038141 2.085816 2.789035 3.194279 3.730632 3.694875
average 1.616011 1.752086 1.856575 2.07648 2.384188 2.575685 2.743544 2.78387
stdev 0.070249 0.107072 0.146702 0.127077 0.231849 0.407565 0.663298 0.678697
stderr 0.028679 0.043712 0.059891 0.051879 0.094652 0.166388 0.27079 0.277077
0 2 4 6 8 10 12 14
1.340882 1.381406 1.57211 1.818832 1.353993 1.617402 1.702026 1.674613
1.448153 1.47199 1.462455 1.942789 1.444577 1.769964 1.793802 2.038141
1.462455 1.448153 1.680572 1.632896 1.418355 1.680572 1.8236 1.918951
1.417163 1.464839 1.8236 1.895113 1.764005 1.632896 1.692491 1.871275
1.382598 1.418355 1.692491 1.620977 1.537545 1.728248 1.799762 1.883194
1.442193 1.489869 1.775924 1.871275 1.442193 1.620977 1.752086 1.728248
average 1.415574 1.445769 1.667859 1.796981 1.493445 1.67501 1.760628 1.852404
stdev 0.046123 0.039739 0.13271 0.137687 0.145085 0.063077 0.054309 0.132102
stderr 0.01883 0.016223 0.054179 0.05621 0.059231 0.025751 0.022171 0.053931
0 2 4 6 8 10 12 14
1.581645 1.810489 1.464839 1.448153 1.901073 1.969011 2.346841 2.096544
1.686532 1.700834 1.580453 1.555423 1.711561 1.691299 2.056019 1.934446
average 1.634088 1.755662 1.522646 1.501788 1.806317 1.830155 2.20143 2.015495
stdev 0.074166 0.077537 0.081751 0.075852 0.134005 0.196372 0.205642 0.11462











Figure S6.2. Acetate quantities within pH 7.0-10.0 CDP-fed microcosms employing the 
control sediments.  
  
pH 7 0 2 4 6 8 10 12 14
AUC1 11.67 10.59 6.39 3.12 0 0 0 0
AUC2 11.35 10.36 6.12 2.89 0 0 0 0
mM1 1.390942 1.262217 0.761621 0.371871 0 0 0 0
mM2 1.352801 1.234803 0.72944 0.344458 0 0 0 0
average 1.371871 1.24851 0.74553 0.358164 0 0 0 0
stdev 0.02697 0.019384 0.022756 0.019384 0 0 0 0
sterr 0.01907 0.013707 0.016091 0.013707 0 0 0 0
pH 8 0 2 4 6 8 10 12 14
AUC1 10.63 10.75 8.52 6.35 4.27 3.29 0 0
AUC2 11.12 10.85 8.27 5.86 3.95 2.58 0 0
mM1 1.266985 1.281287 1.015495 0.756853 0.508939 0.392133 0 0
mM2 1.325387 1.293206 0.985697 0.698451 0.470799 0.307509 0 0
average 1.296186 1.287247 1.000596 0.727652 0.489869 0.349821 0 0
stdev 0.041297 0.008428 0.02107 0.041297 0.02697 0.059839 0 0
sterr 0.029201 0.005959 0.014899 0.029201 0.01907 0.042312 0 0
pH 9 0 2 4 6 8 10 12 14
AUC1 10.87 11.24 13.29 10.47 8.59 5.27 3.19 2.92
AUC2 9.89 10.89 12.55 10.23 6.32 3.26 0 0
mM1 1.29559 1.33969 1.584029 1.247914 1.023838 0.628129 0.380215 0.348033
mM2 1.178784 1.297974 1.495828 1.219309 0.753278 0.388558 0 0
average 1.237187 1.318832 1.539928 1.233611 0.888558 0.508343 0.190107 0.174017
stdev 0.082594 0.029498 0.062367 0.020227 0.191315 0.169402 0.268852 0.246097
sterr 0.058403 0.020858 0.0441 0.014303 0.13528 0.119785 0.190107 0.174017
pH 10 0 2 4 6 8 10 12 14
AUC1 12.59 13.69 17.85 22.39 21.47 28.36 27.63 27.75
AUC2 13.12 12.85 19.26 27.41 25.96 22.54 23.47 25.69
mM1 1.500596 1.631704 2.127533 2.668653 2.558999 3.380215 3.293206 3.307509
mM2 1.563766 1.531585 2.29559 3.266985 3.09416 2.686532 2.797378 3.061979
average 1.532181 1.581645 2.211561 2.967819 2.826579 3.033373 3.045292 3.184744
stdev 0.044668 0.070795 0.118834 0.423084 0.378416 0.490508 0.350604 0.173616






Figure S6.3. ISA concentrations within CDP-fed microcosms employing the control 
sediments between pH 7-10.  
Sample Ribonic alpha adjustmentAlpha  (mg/L) Alpha (mg) beta adjustment beta   (mg/L) beta (mg) Xylo adjustment Xylo (mg/L) Xylo (mg)
T0 45.05 7.29 6.829874 156.2006674 7.81003337 6.82 6.38953936 146.1301168 7.306506 1.4 1.31163565 29.9973847 1.499869
T0 49.12 6.95 7.099594 162.3692274 8.11846137 5.86 5.98613289 136.9041256 6.845206 1.6 1.63443901 37.379966 1.868998
T2 43.62 5.5 4.98929 114.1061132 5.70530566 4.8 4.35428928 99.58351697 4.979176 1.1 0.99785796 22.8212226 1.141061
T2 45.17 4.9 4.602953 105.2705112 5.26352556 5.1 4.79082874 109.5672668 5.478363 0.92 0.86422793 19.7650756 0.988254
T4 47.85 1.25 1.243891 28.44805092 1.42240255 2.9 2.88582718 65.99947813 3.299974 1.14 1.13442862 25.9446224 1.297231
T4 48.25 0.98 0.983363 22.48971515 1.12448576 2.5 2.50857856 57.37172233 2.868586 1.05 1.05360299 24.0961234 1.204806
T6 49.26 0 0 0 0 0 0 0 0 0.96 0.98345846 22.491903 1.124595
T6 51.2 0 0 0 0 0 0 0 0 0.85 0.90506395 20.699004 1.03495
T8 51.26 0 0 0 0 0 0 0 0 0.63 0.67159821 15.3595932 0.76798
T8 52.03 0 0 0 0 0 0 0 0 0.55 0.59512322 13.6105939 0.68053
T10 49.85 0 0 0 0 0 0 0 0 0 0 0 0
T10 47.52 0 0 0 0 0 0 0 0 0 0 0 0
T12 45.23 0 0 0 0 0 0 0 0 0 0 0 0
T12 46.25 0 0 0 0 0 0 0 0 0 0 0 0
T14 43.12 0 0 0 0 0 0 0 0 0 0 0 0
T14 47.52 0 0 0 0 0 0 0 0 0 0 0 0
Sample Ribonic alpha adjustmentAlpha  (mg/L) Alpha (mg) beta adjustment beta   (mg/L) beta (mg) Xylo adjustment Xylo (mg/L) Xylo (mg)
T0 51.02 6.95 7.374212 168.6497961 8.4324898 5.25 5.57044816 127.397328 6.369866 1.2 1.27324529 29.1193892 1.455969
T0 49.51 6.42 6.610257 151.1779723 7.55889861 5.57 5.73506707 131.1621971 6.55811 1.15 1.18408027 27.0801664 1.354008
T2 45.02 6.15 5.757991 131.6864736 6.58432368 5.52 5.16814807 118.1966397 5.909832 1.29 1.20777373 27.6220408 1.381102
T2 46.12 6.29 6.032958 137.9750327 6.89875163 5.63 5.39992929 123.4975253 6.174876 1.22 1.17014454 26.7614531 1.338073
T4 48.79 2.21 2.242402 51.28420804 2.5642104 3.65 3.70351461 84.7001626 4.235008 1.26 1.27847354 29.2389602 1.461948
T4 51.12 1.95 2.073079 47.41175352 2.37058768 2.98 3.16808984 72.45488487 3.622744 1.18 1.25447853 28.6901893 1.434509
T6 52.05 1.2 1.29895 29.70725618 1.48536281 0 0 0 0 0 0 0 0
T6 51.07 0.99 1.051457 24.04703934 1.20235197 0 0 0 0 0 0 0 0
T8 50.89 0.85 0.899584 20.57367798 1.0286839 0 0 0 0 0 0 0 0
T8 45.12 0.77 0.722521 16.52419752 0.82620988 0 0 0 0 0 0 0 0
T10 47.89 0 0 0 0 0 0 0 0 0 0 0 0
T10 46.21 0 0 0 0 0 0 0 0 0 0 0 0
T12 46.85 0 0 0 0 0 0 0 0 0 0 0 0
T12 46.14 0 0 0 0 0 0 0 0 0 0 0 0
T14 49.59 0 0 0 0 0 0 0 0 0 0 0 0
T14 47.52 0 0 0 0 0 0 0 0 0 0 0 0
Sample Ribonic alpha adjustmentAlpha  (mg/L) Alpha (mg) beta adjustment beta   (mg/L) beta (mg) Xylo adjustment Xylo (mg/L) Xylo (mg)
T0 45.25 5.95 5.599199 128.0548733 6.40274366 4.86 4.57346366 104.5960814 5.229804 0.69 0.64931891 14.8500609 0.742503
T0 49.36 6.36 6.528639 149.3113521 7.4655676 5.23 5.3686763 122.7827628 6.139138 1.05 1.07784132 24.6504591 1.232523
T2 47.24 5.14 5.049675 115.4871249 5.77435624 4.26 4.18513882 95.7150101 4.785751 0.78 0.76629302 17.5252835 0.876264
T2 51.05 4.15 4.405896 100.7637692 5.03818846 5.04 5.35077467 122.3733487 6.118667 1.12 1.18906104 27.1940775 1.359704
T4 52.13 3.82 4.141346 94.71344846 4.73567242 4.05 4.39069356 100.4160906 5.020805 0.52 0.56374337 12.8929302 0.644647
T4 53.74 3.36 3.75515 85.88108073 4.29405404 3.54 3.95631902 90.48185291 4.524093 0.85 0.94996361 21.7258686 1.086293
T6 49.86 1.96 2.032351 46.48029834 2.32401492 1.26 1.30651139 29.88019179 1.49401 0.36 0.37328897 8.53719765 0.42686
T6 53.62 1.12 1.248922 28.56310351 1.42815518 1.98 2.20791515 50.49548657 2.524774 0.63 0.70251846 16.0667457 0.803337
T8 51.24 0.81 0.863147 19.74034331 0.98701717 0.95 1.01233233 23.1522545 1.157613 0.41 0.43690132 9.99202563 0.499601
T8 47.21 1.09 1.070165 24.47490754 1.22374538 1.26 1.23707185 28.29209496 1.414605 0.52 0.51053759 11.6761027 0.583805
T10 41.25 0.51 0.437506 10.00586618 0.50029331 0 0 0 0 0 0 0 0
T10 43.25 0.36 0.323802 7.405411122 0.37027056 0 0 0 0 0 0 0 0
T12 49.85 0 0 0 0 0 0 0 0 0 0 0 0
T12 47.63 0 0 0 0 0 0 0 0 0 0 0 0
T14 51.45 0 0 0 0 0 0 0 0 0 0 0 0
T14 50.02 0 0 0 0 0 0 0 0 0 0 0 0
Sample Ribonic alpha adjustmentAlpha  (mg/L) Alpha (mg) beta adjustment beta   (mg/L) beta (mg) Xylo adjustment Xylo (mg/L) Xylo (mg)
T0 48.32 5.15 5.175169 118.3572092 5.91786046 4.56 4.58228554 104.7978396 5.239892 0.65 0.65317667 14.9382885 0.746914
T0 49.52 5.37 5.530257 126.4781438 6.32390719 4.12 4.2429531 97.03723508 4.851862 0.85 0.87536654 20.0198179 1.000991
T2 53.63 5.26 5.866565 134.1695931 6.70847965 4.36 4.86278049 111.2128186 5.560641 0.74 0.8253343 18.8755701 0.943779
T2 51.21 5.31 5.655092 129.3331509 6.46665755 4.27 4.54750338 104.0023643 5.200118 0.92 0.97978996 22.4080036 1.1204
T4 45.12 5.12 4.804292 109.8751835 5.49375918 4.12 3.86595404 88.41518673 4.420759 0.77 0.72252054 16.5241975 0.82621
T4 43.75 5.61 5.104242 116.7351055 5.83675527 3.97 3.61209317 82.6093349 4.130467 0.82 0.74607466 17.0628853 0.853144
T6 39.69 5.59 4.614061 105.5245401 5.27622701 4.25 3.50800665 80.22885431 4.011443 0.62 0.51175626 11.703974 0.585199
T6 42.23 5.36 4.707347 107.658031 5.38290155 3.69 3.24069252 74.11532358 3.705766 0.79 0.6938068 15.8675083 0.793375
T8 47.52 5.45 5.385962 123.1780985 6.15890493 4.05 4.00241239 91.53601818 4.576801 0.65 0.64236248 14.6909659 0.734548
T8 48.1 5.94 5.941853 135.8914344 6.79457172 3.96 3.96123531 90.59428959 4.529714 0.77 0.7702402 17.6155563 0.880778
T10 45.2 4.76 4.47441 102.330701 5.11653505 4.59 4.31460955 98.67603306 4.933802 0.55 0.51700114 11.8239255 0.591196
T10 42.35 5.85 5.152282 117.8337888 5.89168944 3.48 3.06494749 70.09599746 3.5048 0.62 0.54605386 12.4883674 0.624418
T12 49.68 4.98 5.145189 117.6715547 5.88357773 3.67 3.79173547 86.7177923 4.33589 0.51 0.52691692 12.0507014 0.602535
T12 51.24 5.21 5.551844 126.9718379 6.34859189 4 4.26245191 97.48317686 4.874159 0.65 0.69264844 15.8410162 0.792051
T14 57.36 3.96 4.723835 108.0351029 5.40175515 3.05 3.63830716 83.20885453 4.160443 0.39 0.46522616 10.6398207 0.531991

















Figure S6.3. ISA concentrations within CDP-fed microcosms employing the site-B 
sediments between pH 7-11.  
Sample Ribonic alpha adjustmentAlpha  (mg/L) Alpha (mg) beta adjustment beta   (mg/L) beta (mg) Xylo adjustment Xylo (mg/L) Xylo (mg)
T0 45.36 5.74 5.414711 123.8355963 6.191779815 5.12 4.82984715 110.459626 5.522981 0.96 0.90559634 20.7111799 1.035559
T0 49.85 5.96 6.178767 141.3097031 7.065485154 5.36 5.55674327 127.083894 6.354195 1.12 1.16111053 26.5548435 1.327742
T2 45.12 5.15 4.832443 110.5189834 5.525949171 5.11 4.79490902 109.6605835 5.483029 0.95 0.89142144 20.3869969 1.01935
T2 46.25 5.29 5.088125 116.3664996 5.81832498 5.26 5.05927004 115.7065762 5.785329 0.89 0.85603619 19.5777287 0.978886
T4 49.35 4.96 5.090486 116.4204825 5.821024126 5.05 5.18285328 118.532951 5.926648 0.86 0.88262452 20.1858095 1.00929
T4 51.25 4.25 4.529739 103.5960893 5.179804464 4.11 4.38052407 100.1835122 5.009176 0.74 0.7887075 18.0379073 0.901895
T6 52.16 4.15 4.501695 102.954715 5.147735752 4.05 4.39322034 100.4738785 5.023694 0.62 0.67254237 15.3811863 0.769059
T6 44.16 3.82 3.508188 80.23299221 4.011649611 3.24 2.97553083 68.05101957 3.402551 0.42 0.38571696 8.82142846 0.441071
T8 39.69 4.25 3.508007 80.22885431 4.011442716 3.65 3.01275866 68.90242782 3.445121 0.65 0.53651866 12.2702954 0.613515
T8 41.15 4.89 4.184746 95.70602087 4.785301044 3.95 3.38031611 77.30854447 3.865427 0.39 0.33375273 7.63299553 0.38165
T10 42.36 4.12 3.629473 83.00681094 4.150340547 3.62 3.18900281 72.93316884 3.646658 0.39 0.3435666 7.85744084 0.392872
T10 49.86 3.05 3.162587 72.32903569 3.616451784 2.89 2.99668088 68.53472562 3.426736 0.42 0.4355038 9.96006393 0.498003
T12 45.24 3.81 3.584577 81.98004142 4.099002071 2.85 2.68137673 61.32365303 3.066183 0.36 0.33870022 7.74614565 0.387307
T12 48.27 2.96 2.971388 67.95627597 3.397813798 2.27 2.27873349 52.11511704 2.605756 0.51 0.51196215 11.7086827 0.585434
T14 45.12 2.85 2.674264 61.16099082 3.058049541 2.92 2.73994801 62.66319059 3.13316 0.41 0.38471873 8.79859868 0.43993
T14 49.86 2.21 2.291579 52.40890782 2.620445391 2.15 2.22936467 50.98604155 2.549302 0.32 0.33181242 7.58862014 0.379431
Sample Ribonic alpha adjustmentAlpha  (mg/L) Alpha (mg) beta adjustment beta   (mg/L) beta (mg) Xylo adjustment Xylo (mg/L) Xylo (mg)
T0 47.36 5.27 5.190542 118.7087879 5.935439393 4.52 4.45184985 101.8147478 5.090737 1.22 1.20160549 27.4809718 1.374049
T0 48.25 5.95 5.970417 136.5446991 6.827234957 4.86 4.87667672 111.5306282 5.576531 0.89 0.89305397 20.4243331 1.021217
T2 49.63 5.19 5.356758 122.5101847 6.125509233 4.41 4.55169596 104.0982494 5.204912 1.15 1.18695019 27.145802 1.35729
T2 49.21 5.51 5.638912 128.9631182 6.448155909 4.51 4.61551627 105.5578336 5.277892 0.96 0.98246023 22.4690732 1.123454
T4 41.23 5.56 4.767366 109.0306718 5.451533588 4.12 3.53265259 80.79251216 4.039626 0.95 0.81456795 18.6293414 0.931467
T4 39.68 6.13 5.058509 115.6891685 5.784458423 5.16 4.25805969 97.38272581 4.869136 1.15 0.94898617 21.7035145 1.085176
T6 45.21 5.55 5.218166 119.3405546 5.967027728 4.89 4.59762712 105.1487048 5.257435 0.94 0.88379744 20.2126345 1.010632
T6 49.63 4.59 4.737479 108.3471575 5.417357877 4.05 4.18012894 95.60043312 4.780022 0.81 0.83602579 19.1200866 0.956004
T8 51.24 4.96 5.28544 120.8791393 6.043956965 3.95 4.20917126 96.26463715 4.813232 0.79 0.84183425 19.2529274 0.962646
T8 50.29 4.32 4.518099 103.3298845 5.166494225 3.25 3.39903296 77.73660292 3.88683 0.66 0.69026516 15.7865101 0.789326
T10 45.12 4.92 4.616625 105.5831842 5.279159208 3.56 3.34048456 76.39758853 3.819879 0.63 0.59115317 13.519798 0.67599
T10 49.68 4.81 4.96955 113.6546542 5.682732711 3.69 3.81239888 87.19036883 4.359518 0.75 0.77487782 17.7216197 0.886081
T12 45.12 5.04 4.729225 108.1583838 5.407919188 3.67 3.44370178 78.75818818 3.937909 0.69 0.64745347 14.8073978 0.74037
T12 49.36 4.85 4.9786 113.8616443 5.693082213 3.96 4.06500156 92.96744562 4.648372 0.57 0.58511386 13.3816778 0.669084
T14 44.22 4.51 4.147493 94.85404188 4.742702094 3.61 3.31983363 75.92529738 3.796265 0.55 0.50579183 11.5675661 0.578378
T14 41.37 5.25 4.516845 103.3012046 5.165060229 4.05 3.48442342 79.68950067 3.984475 0.72 0.61945305 14.1670223 0.708351
Sample Ribonic alpha adjustmentAlpha  (mg/L) Alpha (mg) beta adjustment beta   (mg/L) beta (mg) Xylo adjustment Xylo (mg/L) Xylo (mg)
T0 48.52 6.12 6.175364 141.2318916 7.061594578 4.98 5.02505147 114.9239902 5.7462 0.96 0.96868462 22.1540222 1.107701
T0 47.31 5.97 5.87378 134.3345858 6.716729291 4.85 4.77183113 109.1327875 5.456639 1.24 1.22001456 27.901991 1.3951
T2 43.69 6.52 5.924068 135.4846837 6.774234187 5.79 5.26079027 120.3153863 6.015769 1.15 1.04488926 23.8968384 1.194842
T2 41.75 6.45 5.600239 128.0786543 6.403932716 5.25 4.5583342 104.2500675 5.212503 1.25 1.08531767 24.8214446 1.241072
T4 45.25 5.95 5.599199 128.0548733 6.402743664 4.89 4.60169492 105.2417362 5.262087 1.27 1.19512322 27.3327209 1.366636
T4 49.63 6.27 6.471459 148.0036335 7.400181675 5.27 5.43932827 124.3985883 6.219929 1.14 1.17662889 26.9097515 1.345488
T6 51.02 5.96 6.323785 144.6262999 7.231314996 5.05 5.35824062 122.5440964 6.127205 1.22 1.29446605 29.6047124 1.480236
T6 52.12 5.52 5.983205 136.8371582 6.841857909 4.25 4.60663409 105.3546961 5.267735 0.95 1.02971821 23.5498732 1.177494
T8 54.12 5.68 6.392879 146.2065015 7.310325073 4.52 5.08729126 116.3474272 5.817371 0.99 1.11425185 25.4831754 1.274159
T8 53.69 5.12 5.71681 130.7446499 6.537232494 4.1 4.57791411 104.6978642 5.234893 0.89 0.99374233 22.7270973 1.136355
T10 44.12 5.59 5.129059 117.3026634 5.865133171 4.27 3.91790371 89.60328673 4.480164 0.98 0.89919102 20.5646888 1.028234
T10 49.56 5.94 6.122209 140.0162056 7.000810279 5.12 5.27705521 120.6873691 6.034368 1.09 1.12343558 25.6932094 1.28466
T12 48.2 5.15 5.162317 118.0632757 5.903163786 4.12 4.12985338 94.45062057 4.722531 1.05 1.05251118 24.0711533 1.203558
T12 39.65 6.63 5.466975 125.0308782 6.251543909 5.24 4.3208069 98.81776797 4.940888 0.86 0.70914006 16.2181833 0.810909
T14 42.14 5.67 4.968988 113.6418125 5.682090623 4.36 3.8209504 87.38594398 4.369297 0.99 0.86760112 19.8422212 0.992111
T14 48.25 5.21 5.227878 119.5626693 5.978133467 2.95 2.9601227 67.69863235 3.384932 1.04 1.04356868 23.8666365 1.193332
Sample Ribonic alpha adjustmentAlpha  (mg/L) Alpha (mg) beta adjustment beta   (mg/L) beta (mg) Xylo adjustment Xylo (mg/L) Xylo (mg)
T0 45.12 5.86 5.498663 125.7555811 6.287779056 4.95 4.64477488 106.2269841 5.311349 1.12 1.05093896 24.0351964 1.20176
T0 49.36 6.36 6.528639 149.3113521 7.465567603 5.27 5.40973692 123.7218279 6.186091 1.2 1.23181865 28.1719532 1.408598
T2 48.75 5.97 6.052563 138.4234001 6.921170005 5.19 5.26177602 120.3379307 6.016897 1.05 1.06452116 24.3458241 1.217291
T2 49.23 5.59 5.723109 130.8887153 6.544435766 4.89 5.00644068 114.4983574 5.724918 0.95 0.9726214 22.2440572 1.112203
T4 39.65 5.84 4.815556 110.1327796 5.506638978 4.88 4.02395758 92.02876101 4.601438 0.96 0.79159821 18.1040186 0.905201
T4 43.27 6.57 5.912112 135.2112495 6.760562476 5.27 4.74228762 108.457121 5.422856 1.12 1.0078486 23.0497107 1.152486
T6 49.63 6.52 6.729492 153.9048948 7.69524474 5.29 5.45997088 124.8706892 6.243534 1.01 1.04245191 23.8410957 1.192055
T6 51.24 5.24 5.583812 127.7029617 6.385148084 4.51 4.80591453 109.9122819 5.495614 0.84 0.8951149 20.4714671 1.023573
T8 47.5 5.36 5.29479 121.0929783 6.054648914 4.49 4.43537486 101.4379613 5.071898 0.82 0.81002392 18.5254183 0.926271
T8 45.59 6.12 5.80245 132.7032551 6.635162754 4.98 4.72160133 107.9840213 5.399201 0.93 0.88174483 20.1656907 1.008285
T10 49.61 5.53 5.705382 130.4832964 6.524164821 4.27 4.40542165 100.7529251 5.037646 0.82 0.84600603 19.3483369 0.967417
T10 46.35 5.12 4.93526 112.8704511 5.643522557 3.98 3.83639389 87.73913976 4.386957 0.62 0.5976292 13.6679062 0.683395
T12 45.17 4.36 4.095689 93.66927122 4.683463561 4.42 4.15205158 94.95829789 4.747915 0.81 0.76089633 17.40186 0.870093
T12 49.63 5.12 5.284509 120.8578315 6.042891575 4.58 4.72715816 108.1111071 5.405555 0.96 0.99084538 22.6608434 1.133042
T14 47.25 4.65 4.569252 104.4997682 5.224988411 4.39 4.31376729 98.65677043 4.932839 0.71 0.69767079 15.9558786 0.797794
T14 41.36 5 4.300717 98.35831857 4.917915928 4.27 3.67281273 83.99800406 4.1999 0.69 0.59349901 13.573448 0.678672
Sample Ribonic alpha adjustmentAlpha  (mg/L) Alpha (mg) beta adjustment beta   (mg/L) beta (mg) Xylo adjustment Xylo (mg/L) Xylo (mg)
T0 43.16 6.32 5.672688 129.7355734 6.486778672 4.85 4.35324945 99.55973594 4.977987 0.96 0.86167412 19.7066694 0.985333
T0 45.87 6.41 6.114728 139.8451249 6.992256244 5.96 5.685457 130.0276044 6.50138 0.99 0.94439638 21.598545 1.079927
T2 48.95 6.37 6.48459 148.3039403 7.415197014 4.95 5.03904544 115.2440352 5.762202 0.85 0.86529063 19.7893798 0.989469
T2 45.21 6.05 5.688271 130.0919559 6.504597794 4.81 4.52241032 103.4284806 5.171424 1.05 0.98722055 22.5779428 1.128897
T4 49.63 6.33 6.533387 149.4199362 7.470996811 4.87 5.02647603 114.9565702 5.747829 0.89 0.91859624 21.0084902 1.050425
T4 51.27 5.12 5.459133 124.8515217 6.242576084 4.69 5.00065093 114.3659447 5.718297 0.69 0.73570344 16.8256934 0.841285
T6 45.27 5.39 5.074458 116.0539218 5.80269609 4.82 4.53782677 103.7810581 5.189053 0.95 0.89438494 20.4547729 1.022739
T6 48.25 5.98 6.00052 137.2331598 6.86165799 5.12 5.13756889 117.4972873 5.874864 0.66 0.66226474 15.1461347 0.757307
T8 43.16 5.54 4.972578 113.7239046 5.686195228 4.66 4.18270978 95.65945763 4.782973 0.75 0.67318291 15.3958355 0.769792
T8 49.82 5.86 6.07144 138.8551208 6.942756041 5.05 5.23221379 119.6618362 5.983092 0.89 0.92211293 21.0889177 1.054446
T10 46.21 5.75 5.525788 126.3759329 6.318796647 4.75 4.56478112 104.3975098 5.219875 0.63 0.60543413 13.8464066 0.69232
T10 39.85 5.62 4.657523 106.5185394 5.325926971 4.95 4.10226682 93.81970999 4.690985 0.81 0.67128002 15.3523162 0.767616
T12 47.24 5.78 5.678428 129.8668447 6.493342235 4.82 4.73529791 108.297265 5.414863 0.95 0.9333056 21.3448966 1.067245
T12 41.36 5.62 4.834006 110.5547501 5.527737504 5.06 4.35232609 99.53861839 4.976931 0.63 0.5418904 12.3931481 0.619657
T14 37.84 5.69 4.477687 102.4056587 5.120282937 4.91 3.86387439 88.36762468 4.418381 1.05 0.82628678 18.8973535 0.944868











Figure S6.4. ISA concentrations within CDP-fed microcosms employing the site-H 
sediments between pH 9-11.  
  
Sample Ribonic alpha adjustment Alpha  (mg/L) Alpha (mg) beta adjustment beta   (mg/L) beta (mg) Xylo adjustment Xylo (mg/L) Xylo (mg)
T0 47.35 5.75 5.662108766 129.4936253 6.474681264 4.32 4.253966934 97.28912369 4.864456 0.95 0.93547884 21.39459896 1.06973
T0 46.12 6.32 6.061732349 138.6331012 6.931655059 3.98 3.817356764 87.30375675 4.365188 0.81 0.776899241 17.76784999 0.888392
T2 48.95 6.31 6.42351045 146.9070429 7.345352144 3.85 3.919257565 89.63424962 4.481712 0.82 0.834750962 19.09093109 0.954547
T2 43.12 5.78 5.183188104 118.5406084 5.927030422 3.15 2.824747842 64.60258073 3.230129 0.74 0.663591557 15.17647928 0.758824
T4 44.25 5.86 5.392638037 123.3307727 6.166538636 3.52 3.239263804 74.08264845 3.704132 0.66 0.607361963 13.89049659 0.694525
T4 45.91 5.74 5.480366019 125.3371302 6.266856511 3.19 3.045708641 69.65600094 3.4828 0.71 0.677884995 15.50337325 0.775169
T6 49.63 5.75 5.934750962 135.72901 6.7864505 3.05 3.147998336 71.99538791 3.599769 0.61 0.629599667 14.39907758 0.719954
T6 50.85 4.36 4.610710201 105.4479177 5.272395884 2.84 3.003306644 68.68625831 3.434313 0.51 0.539326193 12.33450413 0.616725
T8 52.75 5.56 6.0994073 139.4947353 6.974736763 2.25 2.468285328 56.45020762 2.82251 0.45 0.493657066 11.29004152 0.564502
T8 53.15 4.24 4.686617448 107.1839325 5.359196625 1.98 2.188561922 50.05287414 2.502644 0.41 0.453187065 10.36448404 0.518224
T10 49.26 4.12 4.220675886 96.5277504 4.82638752 1.89 1.936183841 44.28093404 2.214047 0.39 0.399529999 9.137335597 0.456867
T10 43.17 3.89 3.492384319 79.8715682 3.99357841 1.74 1.562146199 35.72661405 1.786331 0.45 0.404003327 9.239641565 0.461982
T12 48.25 3.57 3.582250182 81.92681948 4.096340974 1.69 1.695799106 38.78328429 1.939164 0 0 0 0
T12 47.12 3.31 3.24357284 74.18119702 3.709059851 1.51 1.479696371 33.84096903 1.692048 0 0 0 0
T14 44.31 2.97 2.736834772 62.59199021 3.12959951 1.45 1.336165124 30.55837906 1.527919 0 0 0 0
T14 45.51 2.25 2.129510242 48.70234974 2.435117487 1.42 1.343957575 30.73659406 1.53683 0 0 0 0
Sample Ribonic alpha adjustment Alpha  (mg/L) Alpha (mg) beta adjustment beta   (mg/L) beta (mg) Xylo adjustment Xylo (mg/L) Xylo (mg)
T0 49.36 5.59 5.738221899 131.2343487 6.561717437 4.85 4.978600395 113.8616443 5.693082 0.95 0.975189768 22.3027963 1.11514
T0 45.36 5.74 5.414711448 123.8355963 6.191779815 4.36 4.11291671 94.06327524 4.703164 0.98 0.92446293 21.14266278 1.057133
T2 50.25 5.69 5.94618904 135.9906013 6.799530063 4.45 4.65035874 106.3546882 5.317734 0.99 1.034574192 23.66093062 1.183047
T2 47.25 5.71 5.610845378 128.3212208 6.416061038 4.21 4.136893002 94.61161811 4.730581 0.89 0.874545076 20.00103091 1.000052
T4 45.36 5.66 5.339245087 122.1096647 6.105483233 4.32 4.075183529 93.20030941 4.660015 0.96 0.90559634 20.71117987 1.035559
T4 49.62 5.85 6.036747426 138.0616907 6.903084536 4.59 4.736524904 108.3253266 5.416266 1.05 1.083518769 24.78030346 1.239015
T6 39.69 5.95 4.911209317 112.320396 5.616019802 4.36 3.598802121 82.30536584 4.115268 0.98 0.808905064 18.49982994 0.924991
T6 50.25 6.12 6.395549548 146.2675711 7.313378557 4.61 4.817562649 110.1786769 5.508934 1.05 1.097275658 25.09492642 1.254746
T8 45.36 5.88 5.546777581 126.8559767 6.342798835 4.41 4.160083186 95.14198253 4.757099 0.98 0.92446293 21.14266278 1.057133
T8 47.17 6.05 5.934875741 135.7318637 6.786593186 4.39 4.306463554 98.48973251 4.924487 0.95 0.931922637 21.31326786 1.065663
T10 41.25 6 5.147135281 117.7160728 5.885803638 4.45 3.817458667 87.30608729 4.365304 0.89 0.763491733 17.46121746 0.873061
T10 45.02 6.25 5.851616928 133.8277171 6.691385853 4.59 4.297427472 98.28307541 4.914154 0.96 0.89880836 20.55593734 1.027797
T12 43.62 5.59 5.070932723 115.9733041 5.798665207 4.32 3.918860351 89.62516527 4.481258 0.88 0.798286368 18.25697811 0.912849
T12 41.25 5.69 4.881199958 111.6340757 5.581703783 4.51 3.86893002 88.48324802 4.424162 0.79 0.677706145 15.49928291 0.774964
T14 44.49 5.24 4.848239576 110.8802647 5.544013237 3.67 3.395618176 77.65850603 3.882925 0.47 0.434861183 9.945367257 0.497268
T14 44.91 4.47 4.174850785 95.47972064 4.773986032 3.37 3.147482583 71.98359252 3.59918 0.39 0.364248726 8.330445425 0.416522
Sample Ribonic alpha adjustment Alpha  (mg/L) Alpha (mg) beta adjustment beta   (mg/L) beta (mg) Xylo adjustment Xylo (mg/L) Xylo (mg)
T0 43.12 6.98 6.259282521 143.1511154 7.15755577 3.38 3.030999272 69.31959456 3.46598 0.85 0.762233545 17.43244242 0.871622
T0 45.96 6.85 6.547280857 149.7376983 7.486884913 3.42 3.268861391 74.75955154 3.737978 0.92 0.87934283 20.11075656 1.005538
T2 47.84 6.57 6.536524904 149.4917073 7.474585367 3.33 3.31303317 75.76976948 3.788488 0.82 0.815821982 18.65802131 0.932901
T2 43.12 6.32 5.667430592 129.6153366 6.480766829 3.05 2.735073308 62.55170515 3.127585 0.75 0.67255901 15.38156684 0.769078
T4 43.69 6.85 6.223905584 142.3420374 7.117101868 3.4 3.089237808 70.6515222 3.532576 0.8 0.726879484 16.62388758 0.831194
T4 43.33 6.74 6.073499012 138.9022073 6.945110363 3.38 3.045760632 69.65718999 3.482859 0.85 0.765945721 17.51734068 0.875867
T6 47.21 6.32 6.204995321 141.9095556 7.095477782 3.28 3.220314027 73.64926306 3.682463 0.82 0.805078507 18.41231576 0.920616
T6 40.21 6.12 5.117712384 117.0431649 5.852158244 3.05 2.550493917 58.33033544 2.916517 0.69 0.576996985 13.1960431 0.659802
T8 45.2 6.33 5.950213164 136.0826338 6.804131691 3.35 3.149006967 72.0184555 3.600923 0.72 0.676801497 15.47859342 0.77393
T8 49.61 6.41 6.613291047 151.2473653 7.562368264 2.95 3.043558282 69.60682178 3.480341 0.66 0.680931683 15.57305165 0.778653
T10 45.27 6.42 6.044159301 138.2312019 6.911560093 2.87 2.701983987 61.79494538 3.089747 0.75 0.706093376 16.14850489 0.807425
T10 41.02 6.51 5.553503171 127.0097924 6.350489619 3.39 2.891916398 66.13873981 3.306937 0.69 0.588620152 13.46186739 0.673093
T12 47.86 5.98 5.952018301 136.1239177 6.806195884 3.05 3.035728398 69.42775066 3.471388 0.65 0.646958511 14.79607801 0.739804
T12 50.25 5.12 5.350525112 122.3676412 6.11838206 2.12 2.215451804 50.66785144 2.533393 0.55 0.57476344 13.14496146 0.657248
T14 51.29 5.32 5.674592908 129.7791403 6.488957014 2.59 2.762630758 63.18194987 3.159097 0.39 0.415994593 9.513884343 0.475694









Figure S6.5. ISA concentrations within CDP-fed microcosms employing the site-T 
sediments between pH 7-10. 
Sample Ribonic alpha adjustment Alpha  (mg/L) Alpha (mg) beta adjustment beta   (mg/L) beta (mg) Xylo adjustment Xylo (mg/L) Xylo (mg)
T0 44.59 6.36 5.897731101 134.8823579 6.744117897 4.52 4.191469273 95.85978898 4.792989 0.95 0.8809504 20.14752202 1.007376
T0 49.69 6.21 6.417279817 146.764547 7.338227349 4.82 4.980883852 113.9138674 5.695693 1.15 1.188385151 27.17861981 1.358931
T2 48.25 5.54 5.559010086 127.1357367 6.356786834 4.63 4.645887491 106.2524298 5.312621 0.99 0.993397109 22.71920204 1.13596
T2 47.52 5.12 5.059839867 115.7196082 5.785980408 4.25 4.20006239 96.05631537 4.802816 0.96 0.948719975 21.69742653 1.084871
T4 41.26 4.58 3.929932411 89.87838562 4.493919281 3.96 3.397932827 77.71144259 3.885572 0.9 0.772257461 17.6616915 0.883085
T4 49.35 4.89 5.018644068 114.7774515 5.738872576 4.05 4.1565457 95.06107948 4.753054 1.06 1.087886035 24.88018377 1.244009
T6 48.25 4.12 4.134137465 94.5485984 4.72742992 3.82 3.833108038 87.66399172 4.3832 0.85 0.85291671 19.50638559 0.975319
T6 42.28 3.85 3.385213684 77.4205531 3.871027655 3.62 3.182980139 72.79542914 3.639771 0.77 0.677042737 15.48411062 0.774206
T8 47.21 3.12 3.063225538 70.05661608 3.502830804 3.14 3.082861599 70.50569695 3.525285 0.66 0.647990018 14.81966879 0.740983
T8 41.24 2.75 2.358531767 53.94012045 2.697006022 2.86 2.452873037 56.09772527 2.804886 0.59 0.50601227 11.57260766 0.57863
T10 45.69 0 0 0 0 2.26 2.147434751 49.11228704 2.455614 0.58 0.551111573 12.60403827 0.630202
T10 49.63 0 0 0 0 2.15 2.219080794 50.75084721 2.537542 0.55 0.567671831 12.98277487 0.649139
T12 45.52 0 0 0 0 0 0 0 0 0.36 0.340796506 7.794088192 0.389704
T12 51.24 0 0 0 0 0 0 0 0 0.47 0.500838099 11.45427328 0.572714
T14 52.36 0 0 0 0 0 0 0 0 0 0 0 0
T14 51.24 0 0 0 0 0 0 0 0 0 0 0 0
Sample Ribonic alpha adjustment Alpha  (mg/L) Alpha (mg) beta adjustment beta   (mg/L) beta (mg) Xylo adjustment Xylo (mg/L) Xylo (mg)
T0 42.24 6.32 5.551768743 126.9701256 6.348506281 5.15 4.52398877 103.4645802 5.173229 1.05 0.922366642 21.09472024 1.054736
T0 43.12 6.54 5.864714568 134.1272628 6.706363142 5.62 5.039708849 115.2592075 5.76296 1.25 1.120931683 25.63594473 1.281797
T2 45.96 6.33 6.050260996 138.3707489 6.918537446 5.52 5.276056982 120.6645393 6.033227 1.28 1.223433503 27.98018303 1.399009
T2 44.27 6.05 5.57000104 127.3871021 6.369355106 5.17 4.75981907 108.8580691 5.442903 1.22 1.123206821 25.68797762 1.284399
T4 48.95 5.85 5.95523552 136.1974962 6.809874809 4.85 4.937246543 112.9158729 5.645794 0.98 0.997629198 22.81599081 1.1408
T4 46.32 5.24 5.047661433 115.4410848 5.77205424 4.59 4.421520225 101.1211029 5.056055 0.78 0.75136945 17.18397827 0.859199
T6 48.75 4.36 4.42029739 101.0931364 5.054656821 4.05 4.10601019 93.90532168 4.695266 0.79 0.800925445 18.31733435 0.915867
T6 44.21 4.12 3.787983779 86.63199037 4.331599518 4.19 3.852342726 88.10389311 4.405195 0.69 0.634395342 14.50875567 0.725438
T8 49.58 3.65 3.763481335 86.0716143 4.303580715 4.32 4.454312156 101.8710613 5.093553 0.39 0.402125403 9.196693034 0.459835
T8 44.1 3.28 3.008173027 68.7975535 3.439877675 4.07 3.732702506 85.36769596 4.268385 0.21 0.192596444 4.404721413 0.220236
T10 47.96 3.25 3.241551419 74.13496671 3.706748335 3.86 3.849965686 88.04952969 4.402476 0 0 0 0
T10 49.67 3.15 3.253831756 74.41582061 3.720791031 3.69 3.811631486 87.17281843 4.358641 0 0 0 0
T12 42.31 2.84 2.498916502 57.15074905 2.857537452 3.15 2.771685557 63.38903503 3.169452 0 0 0 0
T12 43.51 2.89 2.615033794 59.80637609 2.990318804 2.98 2.696470833 61.66885839 3.083443 0 0 0 0
T14 47.16 2.25 2.206717271 50.46809083 2.523404541 2.51 2.461715712 56.2999591 2.814998 0 0 0 0
T14 48.25 2.19 2.197514818 50.25762876 2.512881438 2.29 2.29785796 52.55249765 2.627625 0 0 0 0
Sample Ribonic alpha adjustment Alpha  (mg/L) Alpha (mg) beta adjustment beta   (mg/L) beta (mg) Xylo adjustment Xylo (mg/L) Xylo (mg)
T0 50.25 6.2 6.479151503 148.1795655 7.408978276 4.95 5.172870958 118.3046531 5.915233 0.95 0.992773214 22.70493343 1.135247
T0 51.39 5.85 6.25208485 142.9865031 7.149325157 4.81 5.140603099 117.5666804 5.878334 0.98 1.047357804 23.95329454 1.197665
T2 52.47 5.82 6.350741395 145.2427992 7.26213996 4.62 5.04131018 115.2958303 5.764792 0.89 0.971161485 22.21066861 1.110533
T2 55.21 5.74 6.590525112 150.7267035 7.536335176 4.51 5.178269731 118.4281242 5.921406 0.87 0.998912343 22.8453366 1.142267
T4 49.86 5.63 5.837824685 133.5122855 6.675614277 4.21 4.365407092 99.83778368 4.991889 0.69 0.715470521 16.36296217 0.818148
T4 43.12 5.74 5.147318291 117.7202582 5.886012911 4.63 4.151930956 94.95553929 4.747777 0.95 0.851908079 19.483318 0.974166
T6 42.85 5.73 5.106176562 116.7793382 5.838966909 4.95 4.411094936 100.8826744 5.044134 0.75 0.668347718 15.28525369 0.764263
T6 41.96 5.95 5.192097328 118.7443643 5.937218213 5.02 4.380559426 100.1843208 5.009216 0.82 0.715549548 16.36476953 0.818238
T8 48.57 6.15 6.212030779 142.0704581 7.103522903 5 5.050431528 115.5044375 5.775222 0.74 0.747463866 17.09465674 0.854733
T8 46.36 5.85 5.640137257 128.9911322 6.449556612 4.59 4.425338463 101.2084268 5.060421 0.59 0.568834356 13.00936205 0.650468
T10 49.85 5.82 6.033627951 137.9903476 6.899517382 4.36 4.520037434 103.3742123 5.168711 0.69 0.715327025 16.35968039 0.817984
T10 42.36 5.51 4.853979411 111.011536 5.5505768 4.12 3.629472809 83.00681094 4.150341 0.58 0.510945201 11.68542484 0.584271
T12 48.71 5.59 5.662657793 129.5061817 6.475309083 4.1 4.153291047 94.98664487 4.749332 0.51 0.516628886 11.81541192 0.590771
T12 47.58 5.14 5.086018509 116.3183192 5.815915962 3.69 3.651246751 83.5047856 4.175239 0.48 0.474958927 10.86241114 0.543121
T14 47.25 5.12 5.031090777 115.0621104 5.753105519 3.52 3.458874909 79.10520089 3.95526 0.45 0.442185713 10.1128808 0.505644
T14 41.36 5.35 4.601767703 105.2434009 5.262170043 3.33 2.864277841 65.50664017 3.275332 0.39 0.335455963 7.671948848 0.383597
Sample Ribonic alpha adjustment Alpha  (mg/L) Alpha (mg) beta adjustment beta   (mg/L) beta (mg) Xylo adjustment Xylo (mg/L) Xylo (mg)
T0 46.29 5.98 5.756768223 131.6585071 6.582925355 5.29 5.092525736 116.4671409 5.823357 0.99 0.953043569 21.79630803 1.089815
T0 43.27 6.49 5.840122699 133.5648416 6.67824208 6.21 5.588160549 127.8024139 6.390121 0.96 0.86387023 19.75689491 0.987845
T2 45.49 6.43 6.082992617 139.119328 6.955966401 6.14 5.808643028 132.8448949 6.642245 1.05 0.99333472 22.71777518 1.135889
T2 48.52 5.53 5.580027035 127.6163988 6.380819938 5.29 5.33785588 122.0778932 6.103895 0.92 0.928322762 21.23093795 1.061547
T4 41.06 6.47 5.5247624 126.3524848 6.317624242 6.05 5.166122491 118.1503143 5.907516 0.95 0.811209317 18.55252869 0.927626
T4 42.39 6.78 5.977003223 136.6953282 6.834766408 6.59 5.809506083 132.8646331 6.643232 0.92 0.811038785 18.5486286 0.927431
T6 49.69 5.73 5.921258189 135.4204274 6.771021371 6.15 6.355277113 145.346532 7.267327 0.96 0.992043257 22.68823915 1.134412
T6 41.23 5.69 4.878833316 111.5799501 5.578997503 5.09 4.364369346 99.81405022 4.990703 0.85 0.728823958 16.66835809 0.833418
T8 40.29 5.78 4.843011334 110.7606937 5.538034687 5.29 4.432444629 101.3709464 5.068547 0.93 0.779238848 17.8213573 0.891068
T8 45.57 6.23 5.904150983 135.029182 6.7514591 5.57 5.278671103 120.7243248 6.036216 0.96 0.909788915 20.80706496 1.040353
T10 41.28 5.82 4.996352293 114.2676339 5.713381696 5.35 4.592866798 105.0398353 5.251992 0.82 0.703953416 16.09956354 0.804978
T10 44.29 5.69 5.240929604 119.8611688 5.993058438 5.19 4.780390974 109.3285529 5.466428 0.75 0.690807944 15.79892383 0.789946
T12 47.85 5.52 5.493022772 125.6265928 6.281329642 5.26 5.234293439 119.7093983 5.98547 0.75 0.746334616 17.06883055 0.853442
T12 41.96 5.39 4.703429344 107.5684241 5.378421205 4.86 4.240940002 96.99119502 4.84956 0.63 0.549751482 12.57293269 0.628647
T14 45.25 5.57 5.241603411 119.8765789 5.993828943 4.38 4.121763544 94.2656042 4.71328 0.32 0.30113341 6.886984782 0.344349



























Figure S6.6. Methane quantities within CDP-fed microcosms employing the control 
sediments between pH 7-10.   
pH 7 Volume 0 2 4 6 8 10 12 14
C1 0 0.005471 0.016351 0.028762 0.039079 0.094696 0.093321 0.104075
C2 0 0.006128 0.01238 0.02376 0.030013 0.088756 0.082441 0.113392
Ph 7 Moles 0 2 4 6 8 10 12 14
C1 0 2.24E-05 6.68E-05 0.000118 0.00016 0.000387 0.000381 0.000425
C2 0 2.5E-05 5.06E-05 9.71E-05 0.000123 0.000363 0.000337 0.000463
Ph 7 mMoles 0 2 4 6 8 10 12 14
C1 0 0.022362 0.066832 0.117563 0.159732 0.387062 0.381439 0.425397
C2 0 0.025046 0.050603 0.097117 0.122674 0.362783 0.33697 0.463477
AVERAGE 0 0.023704 0.058717 0.10734 0.141203 0.374922 0.359205 0.444437
STDEV 0 0.001898 0.011475 0.014457 0.026204 0.017168 0.031445 0.026927





pH 8 Volume 0 2 4 6 8 10 12 14
C1 0 0.004252 0.013349 0.038516 0.026668 0.04802 0.068654 0.085067
C2 0 0.008566 0.009223 0.030106 0.040548 0.039454 0.098604 0.099073
Ph 8 Moles 0 2 4 6 8 10 12 14
C1 0 1.74E-05 5.46E-05 0.000157 0.000109 0.000196 0.000281 0.000348
C2 0 3.5E-05 3.77E-05 0.000123 0.000166 0.000161 0.000403 0.000405
Ph 8 mMoles 0 2 4 6 8 10 12 14
C1 0 0.017379 0.054564 0.157432 0.109001 0.196278 0.280617 0.347704
C2 0 0.035013 0.037697 0.123057 0.165738 0.161265 0.403035 0.404952
AVERAGE 0 0.026196 0.046131 0.140244 0.137369 0.178772 0.341826 0.376328
STDEV 0 0.012469 0.011927 0.024306 0.040119 0.024758 0.086563 0.04048





pH 9 Volume 0 2 4 6 8 10 12 14
C1 0 0 0 0 0 0.009316 0.030826 0.048302
C2 0 0 0 0 0.004283 0.017601 0.040142 0.067341
Ph 9 Moles 0 2 4 6 8 10 12 14
C1 0 0 0 0 0 3.81E-05 0.000126 0.000197
C2 0 0 0 0 1.75E-05 7.19E-05 0.000164 0.000275
Ph 9 mMoles 0 2 4 6 8 10 12 14
C1 0 0 0 0 0 0.03808 0.125996 0.197428
C2 0 0 0 0 0.017507 0.071943 0.164076 0.27525
AVERAGE 0 0 0 0 0.008753 0.055012 0.145036 0.236339
STDEV 0 0 0 0 0.012379 0.023945 0.026927 0.055028





pH 10 Volume 0 2 4 6 8 10 12 14
C1 0 0 0 0 0 0.004877 0.012255 0.039485
C2 0 0 0 0 0 0.007316 0.005846 0.035171
Ph 10 Moles 0 2 4 6 8 10 12 14
C1 0 0 0 0 0 1.99E-05 5.01E-05 0.000161
C2 0 0 0 0 0 2.99E-05 2.39E-05 0.000144
Ph 10 mMoles 0 2 4 6 8 10 12 14
C1 0 0 0 0 0 0.019935 0.050092 0.161393
C2 0 0 0 0 0 0.029902 0.023896 0.143759
AVERAGE 0 0 0 0 0 0.024918 0.036994 0.152576
STDEV 0 0 0 0 0 0.007048 0.018523 0.012469










Figure S6.7. Raw chromatogram output from GC-TCD showing retention times for 
different gases. [A] H2/CO2-fed microcosms begin with hydrogen gas and carbon dioxide in 
the headspace, [B] following the incubation hydrogen is consumed and is replaced with 







Figure S8.1. Independent samples t-test output comparing differences between communities under methanogenic and sulphate-reducing 














Figure S8.3. SEM investigation of steel surfaces incubated under methanogenic 
conditions. Shows steel surfaces after removal of methanogenic biofilms incubated for 3 






Figure S8.4. 5-colour CLSM investigation of sulphate-reducing biofilm. Visualisation of 
individual EPS components that comprise the sulphate-reducing biofilm formed on steel 
surface after 3 months incubation. The combined top-down image is shown. Colours represent 








Figure S8.5. 5-colour CLSM investigation of sulphate-reducing biofilm. Visualisation of 
individual EPS components that comprise the sulphate-reducing biofilm formed on steel 
surface after 3 months incubation. The split view image is shown. (A) Lipids, (B) 






Figure S8.6. 5-colour CLSM investigation of sulphate-reducing biofilm. Visualisation of 
individual EPS components that comprise the sulphate-reducing biofilm formed on steel 
surface after 3 months incubation. (A) steel surface, (B-H) increasing height above steel 








Figure S8.7. 5-colour CLSM investigation of auto-fluorescent controls. Visualisation of 






Table S8.1. Micro-electrode pH profiles of sulphate-reducing biofilms and abiotic 
controls.  

















































































-950 11.16 0 
-940 11.06 3.55E-
15 
-940 11.191 0.0014 -940 11.149
8 


































-900 11.16 0 
-890 11.06 3.55E-
15 
-890 11.2 0.003 -890 11.147
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-720 11.16 0 
-710 11.06 3.55E-
15 







-700 11.16 0 
-690 11.06 3.55E-
15 
-690 11.199 0.003 -690 11.144
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-670 11.16 0 
-660 11.06 3.55E-
15 



















































































































-520 11.16 0 
-510 11.05
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-450 11.16 0 
-440 11.05
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-400 11.16 0 
-390 11.05
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-330 11.16 0 
-320 11.05
64 























































































-250 11.17 0 
-240 11.06 3.55E-
15 























































-190 11.17 0 
-180 11.06 3.55E-
15 














-160 11.2 0.003 -160 11.150
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-110 11.2 0.003 -110 11.150
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140 10.137 0.0044 140 10.407
8 




































































0.003 210 9.9398 0.003 210 10.302
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320 9.8196 0.0048 320 10.311
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Methanogenic 1 Methanogenic 2 
Depth H2 Depth H2 Depth H2 
-500 0 -500 0 -500 0 
-490 0 -490 0 -490 0 
-480 0 -480 0 -480 0 
-470 0 -470 0 -470 0 
-460 0 -460 0 -460 0 
-450 0 -450 0 -450 0 
-440 0 -440 0 -440 0 
-430 0 -430 0 -430 0 
-420 0 -420 0 -420 0 
-410 0 -410 0 -410 0 
-400 0 -400 0 -400 0 





-380 0 -380 0 -380 0 
-370 0 -370 0 -370 0 
-360 0 -360 0 -360 0 
-350 0 -350 0 -350 0 
-340 0 -340 0 -340 0 
-330 0 -330 0 -330 0 
-320 0 -320 0 -320 0 
-310 0 -310 0 -310 0 
-300 0 -300 0 -300 0 
-290 0 -290 0 -290 0 
-280 0 -280 0 -280 0 
-270 0 -270 0 -270 0 
-260 0 -260 0 -260 0 
-250 0 -250 0 -250 0 
-240 0 -240 0 -240 0 
-230 0 -230 0 -230 0 
-220 0 -220 0 -220 0 
-210 0 -210 0 -210 0 
-200 0 -200 0 -200 0 
-190 0 -190 0 -190 0 
-180 0 -180 0 -180 0 
-170 0 -170 0 -170 0 
-160 0 -160 0 -160 0 
-150 0 -150 0 -150 0 
-140 0 -140 0 -140 0 
-130 0 -130 0 -130 0 
-120 0 -120 0 -120 0 
-110 0 -110 0 -110 0 
-100 0 -100 0 -100 0 
-90 0 -90 0 -90 0 
-80 0 -80 0 -80 0 
-70 0 -70 0 -70 0 
-60 0 -60 0 -60 0 
-50 0 -50 0 -50 0 
-40 0 -40 0 -40 0 
-30 0 -30 0 -30 0 
-20 0 -20 0 -20 0 
-10 0 -10 0 -10 0 
0 0 0 0 0 0 
10 0 10 0 10 0 
20 0 20 0 20 0 





40 0 40 0 40 0 
50 0 50 0.7868 50 0 
60 0 60 2.0042 60 0 
70 0 70 2.9876 70 0 
80 7.6814 80 4.1244 80 0 
90 7.736 90 5.6064 90 0 
100 3.4396 100 5.3592 100 0 
110 15.748 110 5.4362 110 0 
120 15.8672 120 5.0754 120 0 
130 14.9168 130 4.9444 130 0 
140 14.4578 140 4.1642 140 0 
150 20.8912 150 3.9894 150 0 
160 20.992 160 3.683 160 0 
170 20.8548 170 1.0202 170 0 
180 21.741 180 0.1082 180 0 
190 25.9114 190 0.0858 190 0 
200 29.9834 200 0.2154 200 0 
210 33.7264 210 0.2714 210 0 
220 29.5994 220 0 220 0 
230 32.5606 230 0 230 0 
240 37.2584 240 0 240 0 
250 38.3178 250 0 250 0 
260 43.0898 260 0 260 0 
270 42.8102 270 0 270 0 
280 48.5446 280 0 280 0 
290 50.9812 290 0 290 0 
300 56.932 300 0 300 0 
310 46.6878 310 0 310 0 
320 44.7664 320 0 320 0 
330 55.4828 330 0 330 0 
340 43.4936 340 0 340 0 
350 53.015 350 0 350 0 
360 68.0732 360 0 360 0 
370 69.4234 370 0 370 0 
380 69.7724 380 0 380 5.9148 
390 69.8428 390 0 390 6.7474 
400 69.1862 400 0 400 7.3484 
410 69.2014 410 0 410 8.6388 
420 71.7788 420 0 420 12.3122 
430 70.4318 430 0 430 21.0736 
440 68.9336 440 0 440 16.0024 





460 69.1842 460 0 460 20.0468 
470 68.7222 470 0 470 0 
480 68.2934 480 0 480 0 
490 69.996 490 0 490 0 
500 68.8428 500 0 500 0 
 
Table S8.3. Micro-electrode redox profiles of sulphate reducing and methanogenic 




Depth Redox Depth Redox Depth Redox 
-500 -358.945 -500 -376.561 -500 -379.929 
-490 -358.127 -490 -376.602 -490 -379.859 
-480 -357.991 -480 -376.694 -480 -379.85 
-470 -358.111 -470 -376.709 -470 -379.836 
-460 -358.022 -460 -376.706 -460 -379.77 
-450 -357.593 -450 -376.723 -450 -379.721 
-440 -357.421 -440 -376.812 -440 -379.626 
-430 -357.081 -430 -376.882 -430 -379.612 
-420 -357.282 -420 -376.901 -420 -379.56 
-410 -357.446 -410 -376.962 -410 -379.585 
-400 -357.452 -400 -376.991 -400 -379.598 
-390 -357.915 -390 -377.062 -390 -379.518 
-380 -358.278 -380 -377.138 -380 -379.475 
-370 -358.487 -370 -377.2 -370 -379.387 
-360 -358.308 -360 -377.247 -360 -379.166 
-350 -358.503 -350 -377.301 -350 -378.958 
-340 -358.669 -340 -377.295 -340 -378.707 
-330 -358.686 -330 -377.339 -330 -378.576 
-320 -358.636 -320 -377.365 -320 -378.505 
-310 -359.147 -310 -377.365 -310 -378.429 
-300 -359.501 -300 -377.412 -300 -378.336 
-290 -359.905 -290 -377.451 -290 -378.288 
-280 -360.517 -280 -377.503 -280 -378.219 
-270 -360.829 -270 -377.579 -270 -378.079 
-260 -361.167 -260 -377.603 -260 -377.989 
-250 -361.741 -250 -377.692 -250 -377.969 
-240 -361.722 -240 -377.702 -240 -377.941 
-230 -361.707 -230 -377.757 -230 -377.957 
-220 -361.713 -220 -377.809 -220 -378.008 
-210 -361.697 -210 -377.859 -210 -378.081 





-190 -361.935 -190 -377.955 -190 -378.026 
-180 -361.766 -180 -377.985 -180 -378.031 
-170 -361.809 -170 -378.007 -170 -377.973 
-160 -362.082 -160 -378.074 -160 -377.929 
-150 -362.196 -150 -378.131 -150 -377.909 
-140 -362.163 -140 -378.147 -140 -377.766 
-130 -362.124 -130 -378.181 -130 -377.593 
-120 -361.998 -120 -378.258 -120 -377.329 
-110 -361.979 -110 -378.336 -110 -377.076 
-100 -361.728 -100 -378.458 -100 -376.799 
-90 -361.436 -90 -378.539 -90 -376.564 
-80 -361.27 -80 -378.682 -80 -376.349 
-70 -361.056 -70 -378.706 -70 -376.211 
-60 -360.805 -60 -378.768 -60 -376.125 
-50 -360.122 -50 -378.84 -50 -376.011 
-40 -360.102 -40 -378.881 -40 -375.959 
-30 -359.543 -30 -378.876 -30 -375.93 
-20 -358.775 -20 -378.948 -20 -375.945 
-10 -358.042 -10 -378.943 -10 -375.984 
0 -356.786 0 -379.007 0 -376.078 
10 -355.457 10 -379.002 10 -376.202 
20 -354.132 20 -379.08 20 -376.365 
30 -353.237 30 -379.043 30 -376.502 
40 -352.761 40 -379.063 40 -376.605 
50 -352.62 50 -379.074 50 -376.722 
60 -352.874 60 -379.122 60 -376.915 
70 -353.44 70 -379.061 70 -377.161 
80 -354.27 80 -379.055 80 -377.397 
90 -355.042 90 -379.035 90 -377.59 
100 -355.531 100 -378.987 100 -377.785 
110 -355.622 110 -378.959 110 -377.824 
120 -355.775 120 -378.973 120 -377.834 
130 -355.743 130 -379.005 130 -377.697 
140 -355.539 140 -378.96 140 -377.403 
150 -355.164 150 -378.948 150 -377.12 
160 -354.582 160 -378.975 160 -376.739 
170 -353.898 170 -378.921 170 -376.583 
180 -353.373 180 -378.92 180 -376.487 
190 -353.089 190 -378.926 190 -376.485 
200 -353.029 200 -378.934 200 -376.506 
210 -352.878 210 -378.94 210 -376.606 





230 -353.389 230 -378.905 230 -376.625 
240 -353.581 240 -378.885 240 -376.565 
250 -353.757 250 -378.855 250 -376.444 
260 -354.217 260 -378.822 260 -376.364 
270 -354.33 270 -378.787 270 -376.454 
280 -355.24 280 -378.799 280 -376.545 
290 -356.063 290 -378.785 290 -376.659 
300 -356.549 300 -378.77 300 -376.754 
310 -356.864 310 -378.86 310 -376.879 
320 -356.938 320 -378.883 320 -376.958 
330 -356.641 330 -378.804 330 -376.935 
340 -356.892 340 -378.787 340 -376.906 
350 -356.623 350 -378.759 350 -376.947 
360 -356.26 360 -378.743 360 -376.879 
370 -355.929 370 -378.713 370 -376.867 
380 -355.464 380 -378.768 380 -376.924 
390 -355.656 390 -378.81 390 -376.961 
400 -354.839 400 -378.792 400 -376.965 
410 -354.377 410 -378.749 410 -376.962 
420 -353.932 420 -378.758 420 -377.032 
430 -354.466 430 -378.772 430 -377.088 
440 -353.803 440 -378.677 440 -377.158 
450 -353.521 450 -378.699 450 -377.266 
460 -353.621 460 -378.682 460 -377.384 
470 -354.029 470 -378.687 470 -377.479 
480 -354.558 480 -378.659 480 -377.573 
490 -353.158 490 -378.634 490 -377.782 
500 -352.72 500 -378.656 500 -377.965 
 
